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Abstract 
 
 α-cyclodextrin molecules (α-CDs) and poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO, Pluronic) block copolymers can self-assemble to form 
structures known as pseudo-polyrotaxanes (PPRs) or polyrotaxane (PRs) if end-capped, also 
known as "molecular necklaces".  In these complexes, the α-CDs are threaded onto the PEO 
polymer backbone and can rotate and slide along the polymer axis. These properties, when 
combined with the ability of PRs to self-assemble into hydrogels under specific conditions make 
them a very attractive system for tissue engineering applications. To this date, the use of PPR and 
PR hydrogels in tissue engineering has been limited and little is known about their potential as a 
biomaterial, especially for use with stem cells. Moreover, the mechanical and chemical properties 
of these hydrogels need to be finely tuned to re-create the complex microenvironment required to 
direct stem cells to form specific biological tissues. This thesis aimed to investigate the properties 
of a new range of PR based hydrogels and to design PR systems that may be used for stem cell 
based tissue engineering, both in 2D and 3D.  
 Initially, the conditions for PPR hydrogel formation from Pluronic α-CD were investigated 
and the influence of the type and concentration of Pluronic, concentration of α-CD and temperature 
on the hydrogel properties determined. It was found that PPR hydrogels can be formed between α-
CD and Pluronic F68 and F127 at concentrations of 10 % (w/v) and 20 % (w/v) when a sufficient 
amount of α-CD is present. The hydrogels obtained by this method were highly tunable in terms of 
gelation kinetics (a few minutes to a few hours) and mechanical properties (elastic modulus ranging 
between 1 kPa to 7 MPa). Such high values of mechanical stiffness had not been reported 
previously for this type of system. The microscopic features of the PPR hydrogels were investigated 
using Dynamic Light Scattering (DLS) and Small-Angle X-Ray Scattering (SAXS) and revealed a 
complex multi-levelled self-assembled structure, allowing the structure-function-property 
relationship between the various components of the hydrogels and the resultant materials to be 
elucidated. 
 Building upon these new insights into these self-assembled PPR systems, an enzymatically 
mediated covalent crosslinking function and branched 8-arm poly(ethylene) glycol (PEG) were 
introduced into the hydrogel to overcome the inherent property of the self-assembled PPR 
hydrogels to dissociate when immersed in a liquid that contains lower concentrations or no Pluronic 
or α-CD, due to differences in chemical potential. The crosslinking mechanism was based on 
coupling of phenol groups using horseradish peroxidase (HRP) and hydrogen peroxide. The phenol 
groups were added onto the Pluronic backbone of the PPRs and onto the 8-arm PEG in a two-step 
reaction that introduced a hydrolytically cleavable ester bond into the hydrogel network. The 8-arm 
PEG also acted as an end-capping group, thus leading to the formation of PRs. The covalent 
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crosslinking successfully extended the lifetime of the hydrogels from a few hours to several days 
and led to the formation of highly tunable hydrogels with an elastic modulus between 20 kPa and 
410 kPa and a viscous modulus between 150 Pa and 22 kPa, by varying the concentrations of α-CD 
and 8-arm PEG. The resulting hydrogels showed potential in drug delivery and the viability of 
mouse fibroblasts encapsulated in the hydrogels for 24 hours was maintained. 
 Subsequently, the stability of the PR hydrogels was further improved to make them suitable 
for long term tissue engineering applications by changing the chemistry of the phenol 
functionalisation process: the ester bonds introduced in the network during the functionalisation of 
the polymers with phenol groups were modified to carbamate bonds. This simple modification led 
to hydrogels that were stable for at least 90 days while still having highly tunable mechanical 
properties in the range of 70 to 190 kPa and that could maintain viability of encapsulated hMSCs 
for at least 7 days. Finally, the adhesion peptide RGD was successfully introduced to enhance 
interactions between hMSCs and the hydrogels: attachment of hMSCs was observed on the RGD-
functionalised  hydrogels and the hydrogel surfaces were permissive of osteogenic differentiation 
under osteogenic conditions. 
 The hydrogels developed in this thesis present unique features that make them an attractive 
system to add to the panoply of hydrogels available to the biomaterials community. These 
promising properties could assist in our quest to understand the impacts of hierarchical structures 
within hydrogels on stem cell behaviours and eventually lead to the development of novel 
regenerative therapeutic solutions.  
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1 Literature review: Hydrogels for tissue engineering applications 
 
1.1 Chapter Preface 
 
 This introductory chapter provides the basis for the experiments conducted during this 
thesis. The current state of the art in the field of hydrogels for tissue engineering applications is 
presented and the rationale for this thesis is stated. More focused introductions are provided at the 
beginning of each chapter to provide a detailed background to the results presented in that chapter. 
 
The contents of this chapter have been submitted as a book chapter with minor modifications for 
publication in: 
Pradal, C. and Cooper-White, J. J., Hydrogels for directed stem cell differentiation and tissue 
repair, in Functional Hydrogels as Biomaterials, Springer, 2014 
 
1.2 Introduction 
 
 Tissue engineering is a large field where disciplines including biology, chemistry, 
engineering, material science and medicine meet to reach a common goal, defined as: "the creation 
(or formation) of new tissue for the therapeutic reconstruction of the human body, by the deliberate 
and controlled stimulation of selected target cells through a systematic combination of molecular 
and mechanical signals".1 Research in this field focuses on several areas: finding an applicable and 
expandable source of cells that can replace the cells in the damaged tissue, designing artificial 
scaffolds that will support cell growth and tissue regeneration and determining what factors 
(physical, chemical, biological) are needed to regenerate functional tissues and incorporating them 
into a biomaterial.2  
 Stem cells offer an attractive option as the source of cells because of their ability of self-
renewal and differentiation into other cell types.3 Embryonic stem cells (ES cells), derived from the 
cell inner mass of the blastocyst, are pluripotent, which makes them an attractive source of cells for 
tissue engineering. However, they present risks such as the potential for teratoma formation and 
rejection by the host upon transplant due to their allogenic nature.4 More recently, the advances in 
the generation of pluripotent stem cells from adult tissues have opened up new perperspectives in 
disease modelling and tissue engineering. These cells, called induced pluripotent stem cells (iPS 
cells)5 can be derived from the patient, thus limiting the risk of immune rejection, while still 
offering the potential to differentiate into cell types from the three different lineages. However, the 
reprogramming of somatic cells into iPS cells still suffers from a low efficiency. Additionally, iPS 
cells are prone to genetic abnormalities, raising concerns about their potential to cause cancer.6 The 
CHAPTER 1 
 
  3 
fast developments in this field should soon bring iPS cells closer to being used in the clinic.   
Although not presenting the pluripotent characterisitics of ES or iPS cells, human mesenchymal 
stem cells (hMSCs) are particularly of interest in tissue engineering due to their relative ease of 
isolation and expansion, differentiation potential into various lineages such as osteoblasts, 
chondrocytes and adipocytes with some evidence of differentiation into endodermal and ectodermal 
lineages in vitro (Figure 1.1).7-11 Additionally, they can be patient derived, which reduces the risk of 
an adverse immune response. Whilst there has been some success in terms of pain relief with the 
injection of only hMSCs into the site of injury, for example in the treatment of osteonecrosis, 
damaged cartilage or osteoarthritis12 , this is widely recognised to be due to modulation of the 
immune system, rather than through these cells transitioning to the targeted tissue cell endpoint and 
participation in the formation of new tissue.13 Additionally, patients injected with allogenic hMSCs 
showed little evidence of long-term engraftment of the injected hMSCs.14  hMSC-based therapies 
thus require the development of material systems that are able to recreate a durable environment 
favourable for stem cell growth and differentiation into the desired type of tissue, either pre- or 
post-delivery to sites requiring tissue repair.  
 
Figure 1.1. Differentiation of hMSCs into mesodermal cell types. Differentiation into ectodermal 
and endodermal cell types is shown with dashed arrows as it is still unclear whether this event 
occurs in vivo. 
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 Hydrogels, viscoelastic materials formed from a network of hydrophilic polymers of high 
water binding and/or holding capacity, have been proposed as suitable material systems for such a 
purpose, and are seen as ideal candidates for tissue engineering. They present numerous similarities 
to native biological tissues, such as high water content, viscoelasticity, and porous network 
structures. The porous nature of hydrogels at the molecular level allows for diffusion of nutrients 
and gases, while micrometer sized pored enables the growth and migration of cells . Additionally, 
bioactive molecules, such as growth factors or adhesive peptide sequences, can be incorporated 
within the hydrogels. 15, 16  A number of hydrogel candidates have in the recent past been developed 
as systems for stem cell encapsulation and delivery, aimed at tissue engineering a multitude of 
tissues and organs.  
 This chapter firstly focuses on defining the known design parameters that can influence stem 
cell behaviour, and hence should be taken into account when developing hydrogels for tissue 
engineering purposes.  A detailed overview of the current range of available hydrogels is then 
provided before entering into a discussion on the possibility of using newer generation hydrogels 
based on multi-lengthscale self assembly and ordering, such as polyrotaxane hydrogels, in cell 
therapies and tissue engineering applications. 
1.3 Influence of the hydrogel properties on stem cell behaviour 
1.3.1 Physical properties 
 
 The physical properties of hydrogels alone have been shown to exert great influence on stem 
cell growth, proliferation and differentiation, without the need for specific chemical or biological 
cues. Engler et al. showed that the gene profile signatures of human mesenchymal stem cells 
(hMSCs) can be biased towards that shown by differentiated tissue cell types, such as bone, muscle 
and fat, by changing the elasticity of substrate they are cultured on.17 This cornerstone paper has 
since resulted in significant attention being paid to the optimisation of the mechanical properties of 
hydrogels targeted for tissue engineering applications. Engler et al. showed that by varying the 
elasticity of polyacrylamide hydrogels in 2D, hMSCs upregulate genes that suggest the cells are 
differentiating into neurons on the softest substrate (0.1 to 1 kPa), myoblasts on a stiffer substrate 
(8-17 kPa) or osteoblasts on the stiffest substrate (25 - 40 kPa). Final conversion to a fully 
differentiated cell is however not achieved by substrate stiffness alone in 2D. More recently, 
Cameron et al. 18, 19 showed that the whole viscoelastic spectrum of the substrate is important to 
consider, and not just the stiffness. In particular, Cameron et al. showed that the intrinsic ability of a 
substrate to creep (i.e. undergo time dependent deformation under a constant stress) is an important 
parameter to control (through variations in the loss modulus) when interested in directing the 
differentiation of hMSCs in 2D. By synthesising polyacrylamide hydrogels with a constant elastic 
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modulus (4.7 kPa) and a varying loss modulus (between 1 Pa to 130 Pa) they showed that 
myogenesis, adipogenesis and osteogenesis of hMSCs was enhanced on the substrates with the 
highest rate of creep and showed that the observed differences in the focal adhesion maturity and 
resulting cytoskeletal tension of the cells on the various substrates were responsible for this effect. 
Although most studies have focused on the effect of the mechanical properties of the substrate on 
hMSCs behaviour in 2D, there is evidence that the mechanical properties play a similar role in 3D.20 
 For 3D stem cell encapsulation, the porosity of the hydrogels is another physical parameter 
that needs to be considered. Molecular porosity ensures sufficient transportation of nutrients and 
oxygen to the encapsulated cells and allows efficient disposal (or loss) of the metabolic waste 
products while adequate pore sizes (micrometer-range) and pore interconnectivity  is required for 
cell growth, proliferation and migration. 21, 22  The pore size also influences extracellular matrix 
(ECM) secretion 23 and the vascularisation of the hydrogel construct. Chiu et al. 24 found that in 3D 
poly(ethylene) glycol (PEG) porous hydrogels, the vascularisation of the constructs in vivo was 
limited to the surface when the pores were in the range of 25 to 50 µm. With larger pore sizes (50 to 
150 µm), vascularisation occurred throughout the hydrogel. Interestingly, the in vivo outcome of 
their experiments differed significantly from the in vitro results. In vitro, all pore sizes supported 
vascularisation and the pore size only influenced the rate of the vascularisation.  This discrepancy 
between in vitro and in vivo experiments highlights the importance of conducting in vivo studies 
where the inflammatory response and other physiological events might alter the outcome of the 
experiment compared to the in vitro setting.  Various techniques such as gas foaming, 
electrospinning and microchannel fabrication can be used to create pores with a defined size.25  
Other physical properties such as the topography 26, 27, micropatterns 28, 29, crosslinking 
density 30, swelling and degradation 31, 32 have also been shown to affect the behaviour of stem cells 
in 2D and 3D and the potential success of a hydrogel system as a biomaterial (Figure 1.2).  
The elucidation of the mechanotransduction mechanisms underlying the differences in stem 
cell behaviour according to the physical properties of the substrate is an active field of research 19, 
33-36
 and requires the development of tunable materials that can be used to tease out the effect of the 
physical cues on stem cells. However, when considering the physical properties of hydrogels, it is 
important to bear in mind that they are all intimately connected and it is therefore difficult to 
modify one property without modifying the other characteristics of the hydrogels. The 
combinatorial analysis of various physical parameters is emerging as a more accurate method to 
assess how stem cells are influenced by their physical environment.37, 38 In any case, precautions 
need to be taken before attributing a result to a specific physical property. 
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Figure 1.2. Physical, chemical and biological hydrogel properties influencing MSC differentiation 
 
1.3.2 Chemical and biological functionalities 
 
 In addition to controlling their physical properties, hydrogels can be functionalised to 
enhance proliferation and/or differentiation of stem cells (Figure 1.2). A simple approach is to 
introduce small chemical moieties that can influence stem cell fate. Benoit et al. showed that by 
using PEG hydrogels functionalised with amine, acid, phosphate, t-butyl  and fluoro groups, the fate 
of hMSCs could be influenced both in 2D and 3D.39 Cells cultured on substrates containing 50 mM 
of acid groups showed a higher expression of chondrogenic markers while the same concentration 
of phosphate groups and t-butyl groups led to an increase in the osteogenic  and adipogenic markers 
respectively. Similar results were obtained in 3D for the osteogenic and adipogenic lineages. 
  Functional groups can also be used to promote cell adhesion to the hydrogels, a key process 
for the proper functioning of cells and the formation of new tissue. Adhesive peptide motifs that 
activate integrin adhesion receptors on the cell membrane have been widely used for this purpose. 
Among these peptides, the RGD sequence (Arginin-Glycine-Aspartate) has been the focus of many 
studies.40 The RGD sequence is present in ECM molecules such as fibronectin, vitronectin, 
fibrinogen, osteopontin, and bone sialoprotein 41 and has been shown to increase hMSCs viability 
when encapsulated in PEG hydrogels.42 The presentation of RGD to the cells encapsulated into a 
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PEG hydrogel is an important parameter and it has been shown that PEG surfaces displaying RGD 
moieties were more efficient at maintaining hMSCs viability when a spacer was present between 
the surface and the peptide.43 The spatial arrangement of the RGD peptide on a surface has been 
shown to influence the morphology of hMSCs as well their behaviour in 2D 44 : hMSCs cultured on 
a polystyrene-polyethylene oxide (PS-PEO) surface functionalised with RGD at 34 µm intervals 
showed enhanced osteogenesis while adipogenesis was predominant when the cells were cultures 
on a substrate with a spacing of 62 µm between the RGD moieties. Other peptide sequences such as 
YIGSR or IKVAV from laminin, have also shown the ability to promote cell adhesion 45 and to 
direct stem cell differentiation.46  
 Moving on from short peptide sequence, entire ECM proteins and glycosaminoglycans 
(GAGs) can be included in hydrogels to enhance cell survival, proliferation and differentiation. 
ECM molecules such as heparin or fibrin have been shown to enhance interactions with growth 
factors, thus increasing the tissue regeneration potential of the hydrogel.47 Using ECM molecules 
known to bind growth factors is a cheaper alternative to the direct incorporation of exogenous 
growth factors into hydrogels: growth factors are costly and easily degraded in vivo, whereas by 
recruiting endogenous growth factors, a more sustained and biologically relevant response can be 
obtained. Examples of ECM molecules used in tissue engineering include: heparin 48-50, heparan 
sulfate51, hyaluronic acid 30, 34, 52-55, fibrin 56-58, laminin 59-61, collagen I and IV.59, 61, 62 It is known 
that the ECM composition varies during the different stages of stem cell differentiation and is also 
dependant on the type tissue formed 63, 64, therefore an ideal hydrogel system should be able to 
combine several ECM molecules and vary their composition over time. 
 
1.3.3 2D versus 3D environment 
 
 Although 2D cell culture offers a convenient platform to study stem cell behaviour and 
response to various physical, chemical or biological cues, it is far from being representative of the 
native 3D environment of the cells. Many parameters that have been shown to influence stem cell 
fate differ between a 2D and a 3D configuration, such as cell adhesion and morphology, the way 
cells sense the mechanical properties of the ECM and the transport of nutrients and gases.65  
 Studies comparing the behaviour of hMSCs cultured in 2D and 3D have found that 3D 
conditions enhanced the differentiation potential of the cells.66 It has been shown that the fate of 
hMSCs is influenced by the cell shape and cytoskeletal tension.67-69 The way cells adhere to a 2D 
surface is different to attachment in a 3D environment, and by modifying the number and types of 
adhesions between the substrate and the cell, the morphology is likely to change, thus affecting the 
cell fate in terms of differentiation outcomes.  
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Similarly, cell mobility in a 3D environment is substantially different compared to a 2D 
environment where cells are free to migrate and spread in any direction on the surface of the tissue 
culture plate. In 3D, cells need to remodel their physical environment or modify their shape in order 
to move through the pores of the network.70 Again, these differences are likely to modify the 
cell/ECM interactions and therefore influence other fate choices, such as the differentiation 
outcome.  
Central to many of these fate choices is the process of mechanotransduction 71, and this 
particular regulatory pathway is affected by the transition from a 2D to a 3D system: Huebsch et al. 
showed that the hMSC integrins involved in ECM interactions vary between a 2D and a 3D 
environment, which in turn can affect the way the cells sense and respond to the stiffness of the 
substrate.72 For example, in opposition to the 2D situation, there was no correlation between the cell 
morphology and the cell fate, which indicates that other mechanotransduction mechanisms might be 
at play during the differentiation of stem cells in 3D.  
Finally, when transitioning from a 2D to a 3D configuration, the diffusive parameters of the 
culture system are modified, which affects the transport of soluble factors, nutrients and gases.73 
Moreover, some ECM molecules can bind growth factors.47, 74 These two effects alter the diffusion 
of the nutrients and growth factors and generate local concentration gradients. Chemical gradients 
have been shown to have an effect on cell migration and differentiation, which in turn ensure the 
proper development of structured tissues both at the embryonic and adult stages.75 Processes such as 
morphogenesis, wound healing, immune response, vascularisation and axonal guidance are 
influenced by gradients.76 Gradients in morphogens or chemokynes can also be used to engineer 
interface tissues (e.g. from cartilage to bone).77  It is worth noting that physical gradients (for 
example stiffness, topography, porosity) also play an important part in tissue regeneration. Overall, 
it appears that 3D hydrogels can be more representative of an in vivo microenvironment and 
therefore may offer improved systems with which to study stem cell behaviour and regenerate 
tissues.  
It is important to note that working in 3D brings a higher level of complexity in terms of the 
visualisation and staining of cells, as well as DNA/RNA extraction (required for standard molecular 
biology assay) and other routine 2D analysis processes. However, advances in optical techniques 
(e.g. confocal and multiphoton imaging), as well as the incorporation of cell release mechanisms 
from the hydrogels, is gradually overcoming these difficulties.   
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1.4 Current hydrogel systems used for tissue engineering 
 
1.4.1 Materials and crosslinking methods 
 
 Materials used in hydrogels for tissue engineering can be either from a natural or synthetic 
source. Examples of natural materials include protein-based hydrogels (e.g. collagen, gelatin, 
elastin) and polysaccharides based-hydrogels (e.g. alginate, chitosan, hyaluronic acid).62 Although 
these materials usually display good biocompatibility and offer features that may mimic 
characteristics of the natural tissue ECM, they can be limited by their range of mechanical 
properties.78 Synthetic materials, such as poly(ethylene) glycol (PEG),  poly(acrylic acid), 
poly(vinyl alcohol) and poly(acrylamide), can be used to overcome this particular issue and have 
been widely used in tissue engineering applications. Of these, PEG is the most ubiquitously utilised 
material to form hydrogels for tissue engineering applications. This hydrophilic polymer has been a 
material of choice due to its non-fouling and low immunogenic properties and has been successfully 
functionalised with a variety of peptides, ECM molecules, and other bioactive molecules to improve 
its biofunctionality.79 
 A relatively new class of biosynthetic hydrogels are peptide hydrogels. Using specifically 
designed peptide sequences, hydrogels can form by self-assembly of the peptides into a network of 
fibres or fibrils through hydrophobic interactions, hydrogen bonding, electrostatic interactions and 
π-π stacking.80 Like protein-based hydrogels, they are limited by their mechanical properties, but 
this class of hydrogels do offer the advantages of being able to assemble into structures similar to 
the native ECM 81, having tunable properties through the modification of the peptide sequence 82 
and being able to incorporate bioactive peptide sequences of interest 83 (e.g. adhesive sequences 
such as RGD). 
 When encapsulating stem cells within a hydrogel, the key criterion is that the crosslinking 
strategy will not affect cell viability nor stability (genomic), requiring the use of mild crosslinking 
conditions. Crosslinking strategies to form hydrogels are numerous and range from physical 
interactions, for example electrostatic interactions, hydrogen bonding, or hydrophobic interactions, 
to chemical crosslinking, including UV crosslinking, click chemistry, or enzymatic crosslinking.84  
Physical hydrogels often exhibit self-healing behaviours due to the ability of the physical junctions 
to reform after shearing, which is an attractive feature for injectable applications. Some examples of 
crosslinking strategies that have been used in tissue engineering are summarized in Table 1.1. Note 
that the table is limited to examples where stem cells (hMSCs, neural, adipose, muscle stem cells) 
have been used.  
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Table 1.1. Crosslinking strategies used in tissue engineering.   
Crosslinking 
type 
Crosslinking 
method 
Examples References 
Physical Ion-driven gelation Alginate 85-87 
Physical Self-assembly via 
hydrogen bonding 
and/or hydrophobic 
interactions 
Self-assembling peptides  
Pluronic 
83, 88, 89
 
90
 
Covalent Photo-crosslinking  PEG-Diacrylate 
 
PEG dimethacrylate and heparin-
methacrylate 
Chitosan methacrylate 
Gelatin methacrylate 
91, 92
 
 
48, 93
 
 
 
94
 
 
95, 96
 
Covalent Persulfate initiated 
free radical 
polymerisation 
Polyacrylamide-Bis acrylamide 
Oligo-PEG-fumarate 
17-19
 
97, 98
 
Covalent Classic Chemical 
reaction (e.g.: 
Michael addition) 
PEG vinyl sulfone / PEG-thiol 99, 100 
Covalent Click Chemistry (e.g. 
thiol/ene, 
azide/alkyne, 
Diels/Alder) 
PEG-norbonene/thiol-peptide  
PEG-Tetrazine/Norbonene-Peptide 
PEG-alkyne/Glycerol exytholate 
triazide  
Hyaluronic acid (HA)-furan/ 
dimaleimide-PEG 
101, 102
 
103
 
104
 
 
105
 
Covalent Enzymatic reaction PEG-Hyaluronic acid (HA)-
tyramine 
Gelatin-PEG-Tyr 
PEG-3-(4-hydroxyphenyl)propionic 
acid (HPA) 
Gelatin-HPA 
54
 
 
106
 
107
 
 
108
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1.4.2 Smart hydrogels 
 
 A new generation of hydrogels is emerging where the properties of the hydrogels can be 
dynamically tuned temporally and spatially by external stimuli or by the cells. The swelling, 
shrinkage and the degradation of hydrogels, triggered by pH, temperature, light or enzymes, have 
been investigated as a means to dynamically vary the conditions surrounding stem cells 
encapsulated within the hydrogels.109, 110 
 Using acrylate moieties linked to a PEG backbone via photodegradable groups, Kloxin et al. 
have developed dynamic hydrogels 111 that can not only be degraded by light exposure but can also 
have ligands added or removed from the hydrogels in 3D. They demonstrated that they could 
degrade the hydrogels to form surface pattern on the hydrogels, as well as create internal channels 
within the hydrogels, without compromising the viability of cells encapsulated in the hydrogel. This 
degree of flexibility in the hydrogel structure can be used to dynamically control cell morphology 
and migration at various time points. Additionally, they could incorporate biologically relevant 
molecules in the gels through photolabile groups and remove them from the hydrogels containing 
cells using light exposure at specific time points. Using a photocleavable RGD moiety, they could 
increase the chondrogenic differentiation of hMSCs by removing the RGD at a relevant time point. 
3D patterning with growth factors has be achieved using two photon irradiation which allows for 
the functionalisation of small volumes within hydrogels.112  
 Click chemistry has also been used for this purpose and enables the patterning of hydrogels 
in 3D with micrometer scale resolution.113 Combining click chemistry and photolabile groups, 
DeForest et al. have now created hydrogels with spatial control over the functionalisation and 
degradation properties 114, as well as reversible 3D photo-patterning.115 In the case of the reversible 
photo-patterning, biomolecules containing a both a photocoupling group and a photodegradable 
group could be crosslinked into the hydrogels using visible light and subsequently removed with 
UV light, in 2D but also in 3D with a resolution in the range of micrometres. Recently, these 
dynamically tunable hydrogels have been used to highlight the importance of mechanical memory 
on stem cell fate.116 This new generation of hydrogels with dynamically and spatially tunable 
properties in 3D are a promising category of materials that should enable a thorough understanding 
of stem cell responses to biochemical and physical cues and the design of hydrogels more relevant 
and able to mimic the dynamic nature of the in vivo tissue microenvironment. 
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1.5 A new approach: polyrotaxane hydrogels 
 
In response to the necessity of developing hydrogels with more tunable and dynamic properties, a 
new class of hydrogels is emerging in the field of tissue engineering: polyrotaxane hydrogels.  
 
1.5.1 Pseudo-polyrotaxane and Polyrotaxane hydrogels 
 
Cyclodextrins are natural cyclic oligosaccharides composed of 6, 7, or 8 D(+)-glucose units 
linked by α-1,4-linkages, and named α-, β-, or γ-CD, respectively. CDs have a toroidal shape with a 
hydrophobic inner cavity having a depth of ca. 8.0 Å, and an internal diameter of ca. 5, 6.5 and 8.5 
Å for α-, β-, and γ-CD, respectively.117 They possess one hydroxyl group on the primary side and 
two on the secondary size and are water soluble and biocompatible. CDs can form inclusion 
complexes with linear polymers to form supramolecular assemblies called polyrotaxanes (PRs). PRs 
are constituted of one or several CD molecules threaded onto a polymer chain and blocked by end-
capping groups to prevent dethreading of the CD molecules (Figure 1.3B). When no end group is 
present, the molecule is called a pseudo-polyrotaxane (PPR) (Figure 1.3A). Several polymers have 
been investigated for the formation of PRs. The first PR was reported by Harada and Kamachi118 
and involved poly(ethylene oxide) (PEO). In 1994, Li et al.119 described for the first time the 
formation of hydrogels from inclusion comlexes between CD and high molecular weight PEO. 
Since then, other PPR or PR based hydrogel systems have been reported with various polymers as 
the backbone: PEO 120, 121, PEO-poly(ε-caprolactone) 122, 123, 124, PEO-poly[(r)-3-hydroxybutyrate]-
PEO 125, and Pluronic (F127).126, 127 The mechanisms behind the gelation process will be discussed 
in more detail in Chapter 2. 
  
 
Figure 1.3. Schematic of A) Pseudo-polyrotaxane B) Polyrotaxane 
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1.5.2 Polyrotane hydrogels in tissue engineering 
 
 Due to their tunable and varied properties, PR and PPR hydrogels are seen as good 
candidates for tissue engineering applications. Once threaded onto the polymer backbone, the CDs 
have translational and rotational freedom along the polymer chain axis. This feature, combined with 
the fact that functional groups can be added to the CD molecules through functionalisation of the 
hydroxyl groups, provides these hydrogels with unique properties and makes PR-based hydrogels 
an attractive system for tissue regeneration (Figure 1.4). Indeed, the additional degrees of freedom 
brought by the sliding and the rotation of the CDs makes the functional groups (e.g. peptides, ECM 
molecules, growth factors) more available to the cells compared to the traditional tethering methods 
used in conventional hydrogels, where ligands are covalently bound to a polymer backbone. This 
enhanced ligand availability has already been demonstrated in drug delivery applications where the 
mobility of the CDs allows a better binding between ligands and receptors. Ooya et al.128, 129  
studied the binding rate of maltose conjugated on PRs with the receptor protein concanavalin A. 
The association constant of maltose with concanavalin A was 50 to 1000 times higher for the 
maltose-PRs than for monomeric maltose. Moreover, the highest affinity was obtained for the PRs 
presenting the highest α-CD mobility, which is influenced by the number of CDs threaded onto the 
polymer and the number of maltose molecules on each CD.  More recently, this result was 
confirmed by Huyn et al. 130 by using Surface Plasmon Resonance with mannose functionalised PRs 
and concanavalin A immobilized on a surface.   
 In the field of biomaterials, Seo et al. have recently performed a series of studies 131-134  
linking the mobility of RGD on surfaces with cell attachment. By creating a dynamic surface 
bearing some RGD groups attached to PRs (PR-RGD surface), they analysed the effect of ligand 
mobility on integrin binding and cell attachment. The association between the integrin β1 and RGD 
was found to be more rapid on the PR-RGD surface than on a less mobile surface made of RGD 
covalently attached to a polymer backbone.  Interestingly, despite the initial rapid RGD/integrin 
recognition, cell attachment and spreading was reduced on the PR-RGD surfaces compared to the 
less mobile surfaces, most likely due to the difficulty for the cells to establish stable focal adhesions 
and start actin polymerisation on the dynamic surfaces. 
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Figure 1.4. A) Polyrotaxane functionalised with ligands. The arrows show the rotation and 
translation of the cyclodextrins/ligands along the polymer axis. B) Interactions between cell 
receptors and integrins with ligands bound on the PRs. 
 
 
 To date, only a small number of studies have used PPRs or PRs as hydrogels for stem cell 
encapsulation and tissue engineering applications. Wu et al. 135  investigated the potential of 
methoxypolyethylene glycol-poly(caprolactone)-(dodecanedioic acid)-poly(caprolactone)-
methoxypolyethylene glycol (MPEG-PCL-MPEG) and α-CD to deliver drugs and encapsulate 
marrow mesenchymal stem cells (MSC). The cells survived and maintained their morphology for 5 
days and the hydrogels were shown to be biocompatible and non cytotoxic. The same hydrogel 
system was used by Wang et al. 136 to implant MSCs into the damaged myocardium of rabbits, 
resulting in the increased survival and retention of transplanted cells and further improvement of the 
impaired cardiac function compared to MSC only implantation.  
 However, in these examples, the PRs are not functionalised and therefore the full potential 
of the PPRs systems (greater availability of ligands) has not been utilised. More recently, Tran et al. 
137
  developed a hydrogel by conjugating chitosan with RGD functionalised PR.  The hydrogels 
were formed using enzymatic cross-linking. Increased adhesion of fibroblasts was observed with 
the RGD-conjugated hydrogel than the hydrogel without RGD. However, no comparison was made 
between the RGD-conjugated PRs and a system where RGD would be covalently immobilised 
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directly onto a polymer backbone, making it difficult to attribute the results presented to the 
enhanced availability of RGD to the cells offered by the PR structure.  
 Although the application of polyrotaxanes hydrogels to tissue engineering is still in its 
infancy, PPR and PR hydrogels show great promise as an alternative tool to conventional hydrogels 
to study and direct stem cell behaviour. Further development of these systems will open up new 
opportunities in the field of biomaterials and regenerative medicine. 
  
1.6 Conclusions  
 
 It is clear that there is no one single answer to designing hydrogels for directed stem cell fate 
and tissue engineering applications, as it is a multifaceted, multi-lengthscale problem. Many factors 
are involved into directing stem cell towards a specific fate and the mechanisms underlying the 
differentiation of stem cells are not fully understood in two dimensional culture models, let alone in 
three dimensional systems. Combining and varying a number of parameters in one hydrogel system 
(for example, by varying mechanical properties, type of ligands, type of growth factors and their 
availability, degradation and changes in pore size) is a possible approach to understanding the 
interplay between the various parameters influencing stem cell fate, but does present substantial 
challenges in terms of ensuring only one parameter is changed whilst others remain constant.  
Another challenge in using hydrogels as biomaterials in stem cell applications is to find a means by 
which one can reproduce the dynamic and changing environment surrounding stem cells during 
their differentiation. The composition of the ECM, the nature of growth factors and cytokines, and 
the mechanical properties of the local microenvironment are constantly evolving during the 
conversion of a stem cell to a fully differentiated tissue cell. Some promising methods are emerging 
that allow for a more dynamic tuning of the properties of hydrogels used for tissue engineering, 
however, further development is still required before attaining the ideal hydrogel: one that adapts 
over time and space to the requirements of stem cells and ensures a consistent and reliable 
differentiation outcome. One possible contributor to this endeavour is PR hydrogels, a self-
assembling, stress-sensitive hydrogel system, which due to their multiple, hierarchical levels of 
organisation, offer spatial and conformational flexibility at lengthscales applicable to the cellular 
microenvironment.   
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1.7 Thesis aims and outline 
 
 To this date, the use of PR and PPR hydrogels in tissue engineering has been limited and 
little is known about their potential as a biomaterial, especially for use with stem cells. This thesis is 
aimed at investigating the properties of new PR based hydrogels and designing PR systems that can 
be used for stem cell based tissue engineering, both in 2D and 3D. More specifically, as highlighted 
in the review, the mechanical properties and micro-architecture of hydrogels are key parameters to 
control stem cell behaviour. Therefore, the first specific aim of this thesis is to identify PPR systems 
amenable to gelation via self-assembly and systematically characterise their properties at the 
macroscale (mechanical properties) but also at the microscale by studying their mechanism of 
assembly and micro-architecture (Chapter 2).  Once these properties are established, the second aim 
is to adapt the PPR hydrogels for cell culture conditions through the introduction of an enzymatic 
crosslinking functionality into the PPR systems to improve their degradation kinetics and allow 
their use in drug/growth factor delivery and short-term cell encapsulation applications (Chapter 3). 
Finally, the last specific aim is to tailor the hydrogels for long term tissue engineering applications 
and evaluate whether biological functional groups such as the adhesive peptide sequence RGD can 
be introduced into the hydrogels and elicit interactions with hMSCs (Chapter 4).  
 It is expected that the outcomes of this thesis will provide the basis for the design and use of 
PR hydrogels as biomaterials, paving the way for these new generation tunable and functional 
hydrogels to be utilised in stem cell research and ultimately, contribute to the development of stem 
cell-based therapies in regenerative medicine. 
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2 Gelation kinetics and viscoelastic properties of Pluronic and α-cyclodextrin-
based pseudo-polyrotaxane hydrogels. 
 
2.1 Chapter Preface 
 
 In order to apply hydrogels to tissue engineering, their gelation properties (kinetics, 
mechanical properties, structure) need to be well characterised. The results of a systematic 
investigation into the gelation properties of α-cyclodextrin (α-CD) and Pluronic (poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymers) pseudo-polyrotaxane 
hydrogels, in particular focusing on the impacts of temperature, α-CD concentration and Pluronic 
type (Pluronic F68 and Pluronic F127), are reported here. After confirming the changes in gelation 
kinetics and mechanical properties using rheometry, dynamic light scattering and small angle X-ray 
scattering, we probed the resident structure of these systems and from these insights we propose a 
new molecular mechanism that accounts for the macroscopic properties observed. The results of 
this chapter lay the foundations for the design of hydrogels with defined gelation times, mechanical 
properties and molecular structure for tissue engineering applications. 
The contents of this chapter were published with minor modifications in Biomacromolecules in 
2013: 
Pradal, C.; Jack, K. S.; Grøndahl, L.; Cooper-White, J. J., Gelation Kinetics and Viscoelastic 
Properties of Pluronic and α-Cyclodextrin-Based Pseudopolyrotaxane Hydrogels. 
Biomacromolecules 2013, 14 (10), 3780-3792. 
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2.2 Introduction 
 
 Cyclodextrins (CDs) are natural cyclic oligosaccharides composed of 6, 7, or 8 D(+)-
glucose units joined by α-1,4-linkages, and are named α-, β-, or  γ-CD, respectively. They have a 
toroidal shape and possess one hydroxyl group on the primary side and two on the secondary side 
that renders their outer surface hydrophilic while their inner core is hydrophobic. These water 
soluble molecules have the interesting characteristic of spontaneously forming inclusions 
complexes with polymers such as poly(ethylene oxide) (PEO) 1, poly(propylene oxide) (PPO) 2 or 
block copolymers such as PEO-PPO-PEO (Pluronic) 3 to form structures known as pseudo-
polyrotaxanes (PPRs) (Figure 2.1). The self-assembly has been suggested to be driven by a 
combination of different effects: Van der Waals interactions and hydrophobic effects drive the core 
of the CDs and the polymer to form stable associations.4 These interactions are only possible if the 
cross-section of the polymer matches the inner diameter of the CD molecules, which leads to a 
selective association when using PEO-PPO-PEO block copolymers:  α-CD is selectively associated 
with the PEO blocks 5, 6 while β-CD forms a complex with the PPO block.7 Additionally, the 
formation of hydrogen bonds between the hydroxyl groups on the upper and lower rims of CDs 
causes them to organise in a head-to-head or tail-to-tail formation, which further stabilises the 
structure.8 It has previously been shown that the PEO/α-CD PPRs aggregate in bundles9, 10 due to a 
complex combination of hydrogen bonding between the CDs and other intermolecular interactions 
between the PPRs. These CD-based bundles have been observed to form larger crystalline-like 
aggregates, resulting in an increase in turbidity and viscosity, ultimately leading to the formation of 
physical hydrogels. These hydrogels are constituted of the water-insoluble, crystalline, threaded CD 
aggregates and the hydrophilic unthreaded polymer chains. The formation of physical gels from 
PEO/α-CD PR systems in dimethyl sulfoxide (DMSO) showed that the relative contribution of the 
α-CD aggregates and the unthreaded PEO segments to the gel network depends on the degree of 
complexation of the PRs.11, 12   
PPR based hydrogels are being investigated as potential drug or gene delivery vehicles: systems 
composed of PEO 13, 14, PEO-poly(ε-caprolactone) 15, 16, 17, PEO-poly[(r)-3-hydroxybutyrate]-PEO 
18
, and Pluronic (F127) 19, 20 have been used with α-CD to form hydrogels for drug release while 
Pluronic threaded with oligoethylenimine-grafted β-CDs21 , 22 or Pluronic (F-68) and poly(L-lysine) 
polymers threaded with α-CD23 have been used for DNA delivery.   
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Figure 2.1. Structure of A) and B) α-cyclodextrin, C) Pluronic and D) Pseudo-polyrotaxane. 
 
 Although the structure and mechanism of formation of PEO and α-CD hydrogels is 
relatively well understood 10, 24, 25, the formation of hydrogels from α-CD and Pluronic has received 
little attention. In particular, the presence of a secondary level of organisation provided by the 
formation of Pluronic micelles 26, 27  is likely to significantly influence the gelation and self-
assembly behaviour of α-CD/Pluronic PPRs when compared to α-CD/PEO PPRs. Further insight is 
thus required to unravel the mechanisms at play in the gelation of PPRs formed from α-CD/Pluronic 
systems. In particular, as highlighted by Liu et al. 28, the development of new applications for PPR 
hydrogel systems requires improved characterisation and understanding of their rheological 
properties.  
 In this chapter, we report a systematic study of the viscoelastic properties of self-assembled 
α-CD/Pluronic hydrogels as well as their kinetics of gelation using rheometry. Additionally, we 
utilise Dynamic Light Scattering (DLS) and Small-Angle X-Ray Scattering (SAXS) to probe the 
mechanism of gelation at the molecular level and propose a model that accounts for the behaviour 
observed at the macroscopic scale. This study provides new insights into the structure-function-
property behaviour of these systems, and in doing so, will enable effective tailoring of these highly 
tunable hydrogels for a multitude of future applications in the fields of drug delivery and tissue 
engineering.  
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2.3 Materials and Methods 
2.3.1 Materials 
 
Pluronic F68 (PEO76PPO29PEO76, Mw = 8,400 g.mol-1), Pluronic F127 
(PEO100PPO65PEO100, Mw = 12,600 g.mol-1) and α-CD were obtained from Sigma-Aldrich (St 
Louis, USA). In this study, aqueous solutions of Pluronic at 5 °C were mixed with aqueous 
suspensions of α-CD at room temperature at various concentrations to obtain a final Pluronic 
concentration of 10 and 20 % (w/v) with the final desired α-CD theoretical coverages. The 
theoretical coverage is defined as the percentage of PEO units covered by α-CD, using the fact that 
one molecule of α-CD covers two units of PEO.1 It should be noted that the theoretical coverage is 
an approximation of the actual coverage, as not all the α-CD molecules incorporated in the solution 
will thread onto the Pluronic. The samples are designated as "type of Pluronicconcentration of Pluronic in % 
(w/v) - αcoverage in %".  For example, F6810 is a solution of Pluronic at 10 % (w/v) and F6810-α10 is a 
PPR prepared from a solution of Pluronic F68 at 10 % (w/v) with a sufficient amount of α-CD to 
cover 10 % of the PEO units. The freeze-dried PPRs (freeze-drying is a common method of 
preparation of PPR powders and yields similar XRD spectra to the ones obtained using other drying 
methods (e.g. vacuum),  showing that freeze-drying does not alter the structure of the PPRs29, 30) 
were analysed using X-Ray Diffraction and Nuclear Magnetic resonance to confirm the PPR 
assembly (Appendix 1 Figures S. 1 and S. 2). 
 
2.3.2 Rheological analysis 
 
 Pluronic F68 and F127, in the presence and absence of α-CD, were studied using a stress-
controlled AR-1500 ex rheometer (TA Instruments, USA) with a cone (diameter: 40 mm, angle: 2°, 
truncature distance: 56 µm) and plate geometry. Strain and frequency sweeps were performed to 
determine the boundaries of the linear viscoelastic region of all systems studied. F68 and F127 
Pluronic copolymers are known to form micelles in water at a given temperature when the polymer 
concentration is above a critical micellisation concentration (cmc) or for a given Pluronic 
concentration when the temperature is increased to be higher than the critical micellisation 
temperature (cmt).26 The temperature driven micellisation transition is due to the following 
mechanism: below the cmt, Pluronic chains are highly soluble and do not associate, existing as 
unimers. As the temperature increases, the hydrophobicity of the PPO blocks increases and when 
the system reaches the cmt, the copolymer chains start to associate to form spherical micelles with 
dehydrated PPO blocks in the core and hydrated PEO blocks at the micellar surface. A further 
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increase in temperature leads to the growth of the micelles and the increase of the volume fraction 
that they occupy in solution, until the PEO chains present on the micelle periphery start interacting. 
In some cases, this leads to the formation of a gel through the entanglement of the micelles.27 Time 
sweeps were performed in triplicate for the various combinations of Pluronic and α-CD at 20 and 37 
°C with a strain of 0.1 % and a frequency of 1 Hz for four hours. 20 °C was chosen for F68 to 
ensure that no micelles were present26, 31 while 37 °C was chosen for its physiological relevance. In 
addition, three-step temperature sweeps were performed at a heating rate of 1 °C/min, a strain of 0.1 
% and a frequency of 1 Hz.: first  from 5 to 60 °C  followed by a ramp from 60 to 5 °C and finally 
from 5 to 60 °C again. Aqueous solutions of Pluronic and α-CD were mixed in the appropriate ratio 
to obtain the final desired concentrations then loaded immediately in the rheometer.  
 The ability of this particular PPR system to self-heal was investigated by assembling F6810-
α10 at 37 °C for one hour under the same conditions as above (strain of 0.1 %, frequency of 1 Hz). 
After this period, a stepped shear stress was applied, starting at 100 Pa and incremented by 100 Pa 
every minute until the gel failed, i.e, until the viscous modulus G" became higher than the elastic 
modulus G'. After the failure, the shear stress was stopped and the gel was left to recover for a 
further 4 hours at 37 °C under the initial conditions of strain and frequency. 
 
2.3.3 Dynamic Light Scattering (DLS) 
 
 The DLS measurements were performed on a Malvern Zetasiser Nano ZS (Malvern, UK) 
with a He-Ne laser (633 nm) and Non-Invasive Backscatter (NIBS) optics (173°). Isothermal 
measurements of Pluronic solutions were performed in triplicate at 20 °C and 37 °C with an 
equilibration time of 2 minutes. Isothermal measurements of PPR solutions were performed after 
leaving the PPRs assemble for one hour at either 20 °C or 37 °C. DLS measurements were performed 
on the following solutions (non-gelling): F6810, F6810-α1, F6810-α5, F6820,  F6820-α1, F12710,  F12710-α1, 
F12710-α5 and α-CD solutions: 0.77 % (w/v) and 8.8 % (w/v). The non-isothermal measurements were 
performed every degree between 5 °C and 60 °C with an equilibration time of 1 min to reproduce 
the rheological measurement conditions.  
 
2.3.4 Small-Angle X-Ray Scattering (SAXS) 
 
 The SAXS measurements were performed using a SAXSess mc2 system (Anton Paar 
GmbH, Graz, Austria). The wavelength used was 0.1542 nm with a sample-detector distance of 309 
nm. For the liquid samples, the measurements were conducted with an exposure time of 20 s and a 
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width of detection of 40 mm in a capillary flow cell. For the hydrogel samples, the gels were 
formed at 20 °C and 37 °C for one hour then loaded onto a hydrogel cell. The exposure time was 2 s 
and the width of detection was 10 mm. The measurements were conducted at 20 and 37 °C. The 
analysis of the data was performed using the NIST Center for Neutron Research SANS package for 
IGOR Pro 6.2 (NIST, Gaithersburg, MD, USA).32 
2.4 Results 
2.4.1 Isothermal gelation of Pluronic/α-CD based PPRs 
2.4.1.1 Rheological characterisation of the isothermal gelation of F68/ α-CD 
 
 Time sweeps of the F68/α-CD PPRs were performed at 20 °C and 37 °C for four hours. 
Figure 2.2 displays the time sweep curves for F6810 alone and with 8, 9, and 10 % theoretical α-CD 
coverage at 37 °C (2.2A) and 20 °C (2.2B) and for F6820 alone and with 4, 5, and 7 % theoretical α-
CD coverage at 37 °C (2.2C) and 20 °C (2.2D)
 
. Pluronic F6810 alone did not form a gel at 37 °C, as 
shown by the constant value of the viscous modulus and the negligible values of the elastic modulus 
(not measurable with the rheometer). Pluronic F6810-α8, F6810-α9 and F6810-α10, however, formed 
hydrogels at 37 °C. All three curves showed three distinct transitions or inflections, although this 
was more easily seen for F6810-α8 due to the slower kinetics: in the first region (t < t1 on the F6810-α8 
curve), only the viscous modulus G" had measurable values. The second step (t1 < t < t2) consisted 
of an increase in the elastic and viscous moduli (G' and G"), leading to the first inflection in the 
curve. At t = t2 the elastic modulus became higher than the viscous modulus: a physical gel was 
formed and t2 was defined as the gelation time. Finally in the region for which t > t2, both moduli 
increased, forming a second inflection in the curve before reaching a plateau that was maintained 
until the end of the time sweep.  For a given Pluronic concentration and at a given temperature, t1 
and t2 decreased and the final plateau was more rapidly achieved as the α-CD coverage increased. 
The same type of curves was observed for F6810 at 20 °C (Figure 2.2B), although for the same α-
CD coverage the kinetics were faster at 20 °C than at 37 °C. The same trends were observed for 
F6820 (Figures 2.2C and 2.2D) but at lower coverages of α-CD. Frequency sweeps were performed 
after the gelation time to confirm the attainment of a frequency-independent hydrogel state (Figure 
2.3).  
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Figure 2.2. Evolution of the elastic modulus G' (black) and viscous modulus G" (grey) during time 
sweeps for A) F6810 (dotted line), F6810-α8 (dash-dots), F6810-α9 (dashed line) and F6810-α10 
(continuous line) at 37 °C. t1 and t2 indicate the characteristic times of the evolution of F6810-8. B) 
F6810 (dotted line), F6810-α6 (dash-dots), F6810-α8 (dashed line) and F6810-α10 (continuous line) at 
20 °C. C) F6820 (dotted line), F6820-α4 (dash-dots), F6820-α5 (dashed line) and F6820-α7 (continuous 
line) at 37 °C. D) F6820, (dotted line), F6820-α3 (dash-dots), F6820-α4 (dashed line) and F6820-α7 
(continuous line) at 20 °C. 
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Figure 2.3. Frequency sweep of F6810-α10 at A) 37 °C. and B) 20 °C, 2 hours after mixing α-CD 
and F68. Black circles: G'. Grey circles: G". 
 From these time sweep curves, the gelation time (Figure 2.4A) and the elastic modulus 
reached after the four hour period (Figure 2.4B) could be determined for each sample. The gelation 
time in this study, described above as t2 was defined as the time when the elastic modulus G’ 
becomes higher than the viscous modulus G”. It appears that for a given temperature the formation 
of a gel occurs at the same absolute concentration of α-CD for both F6810 and F6820: at 20 °C, a 
minimum of 5.28 % (w/v) of α-CD was necessary to form a gel for both F6810 and F6820. This 
corresponds to a theoretical coverage of 6 and 3 % respectively. For F6810 and F6820 at 37 °C, the 
minimum concentration of α-CD needed was 7.04 % (w/v) which corresponds to a theoretical 
coverage of 8 and 4 % respectively. No gel was observed below these percentages of coverage. It is 
worth noting that the samples that did not undergo gelation after four hours still did not form a gel 
after at least 10 hours. Figure 2.4B shows the magnitude of the elastic modulus G' that was achieved 
for each system after four hours. Elastic moduli values varied from ~ 3.3 kPa up to 7.2 MPa. The 
elastic modulus was seen to be very sensitive to the α-CD coverage, especially at the lower 
coverages: for instance, by changing the coverage from 6 % to 7 % with F6810 at 20 °C the elastic 
modulus increased by a factor 40. For F6810-α10 compared to F6810-α12 , the influence of the α-CD 
coverage was lessened and the elastic modulus reached a plateau of approximately 1 MPa at 20 °C 
and 37 °C.  A higher Pluronic concentration enabled higher elastic moduli with lower α-CD 
coverages.  
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Figure 2.4. Gelation time (A) and Elastic Modulus G' obtained after four hours (B) for F6810 
(squares) and F6820 (triangles) at 20 °C (open symbols) and 37 °C (closed symbols) with various 
coverages of α-CD. Mean of triplicates. The error bars show the standard deviation. 
 
2.4.1.2 Rheological characterisation of the isothermal gelation of F127/α-CD 
 
 To study the effect of the Pluronic type on hydrogel formation, the isothermal gelation of 
F127 was investigated at 37 °C.  F127 has a higher molecular weight than F68 (Mw = 12,600 g.mol-
1
 for F127, Mw = 8,400 g.mol-1 for F68) and contains a lower proportion of PEO compared to F68: 
F127 contains 70 % wt. of PEO (PEO100PPO65PEO100) whereas F68 has 80 % wt. of PEO 
(PEO76PPO29PEO76). Therefore, F127 has a more hydrophobic character than F68. At 37 °C, 
micelles are present in both the F12710 and F12720 solutions.26  Figure 2.5 shows the gelation time 
(2.5A) and elastic modulus reached after four hours (2.5B).  F12710 alone did not form a gel under 
these conditions and α-CD needed to be added, in proportions such that at least 9 % of the PEO 
units are theoretically covered, to form a gel.  F12710-α9 required approximately 90 min to form a 
gel. Once this threshold of α-CD coverage was reached, the gelation time decreased with increasing 
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coverage and F12710-α12 formed a gel in ~ 5 min. This behaviour is similar to that observed with 
F6810 and F6820. However, at equal coverage, F6810 systems gel faster than F12710 systems. 
 
Figure 2.5. Gelation time (A) and Elastic Modulus G' (B) obtained after four hours for F12710 
(squares) and F12720 (triangles) at 37 °C with various coverages of α-CD. Mean of triplicates.The 
error bars show the standard deviation. 
 With F12720, a different phenomenon was observed: F12720 could form a gel at 37 °C within 
a minute and reached an elastic modulus of 12.9 kPa (± 0.1 kPa), however, when low amounts of α-
CD were added to the F12720 solution (coverages up to 3 %), a detrimental effect on the gelation 
was noted. In the presence of small amounts of α-CD, the F12720 solution now required more than 
100 minutes to form a gel and the elastic modulus was reduced to values between 1 kPa to 3 kPa.  
Higher coverages  (above 4 %) were necessary to obtain mechanical properties and gelation times 
comparable or better than those of Pluronic F12720 alone. 
The shape of the time sweep curves for α-CD/F12710 gels was similar to those observed for F68 
(Figure 2.6A).  Figure 2.6B shows the time sweep curves for F12720, F12720-α1 and F12720-α4. 
Pluronic F12720 formed a gel after a few seconds at 37 °C and reached an elastic modulus of ~ 10 
kPa. When α-CD was added to cover 1 % of the PEO units, the shape of the time sweep curve 
differed from that of all other PPR gels investigated: instead of observing the two characteristic 
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transitions during the increase of the elastic and viscous moduli, there was only one marked abrupt 
increase before the system reached the final plateau modulus. The mechanical properties of F12720-
α1 were considerably lower than F12720 and the gelation time was also longer. This behaviour was 
also observed for F12720-α2 and F12720-α3 (not shown here).  F12720-α4, resembled the behaviour 
noted for the F68 and the F12710 based PPRs.  
 
Figure 2.6. Evolution of the elastic modulus G' (black) and viscous modulus G" (grey) during time 
sweeps for A) F12710 (dotted line), F12710-α9 (dash-dots), F12710-α10 (dashed line) and F12710-α12  
(continuous line) at 37 °C. B) F12720 at 37 °C with no α-CD (dotted line) and with α-CD coverages 
of 1 (dash-dots) and 4 % (continuous line). 
 
2.4.2 Non-isothermal gelation of Pluronic/α-CD based PPRs 
 
 In order to further investigate the hydrogel formation of these PPRs, the gelation behaviour 
of the F68/α-CD and F127/α-CD systems was investigated at different energy states. The solutions 
at various concentrations of Pluronic and α-CD were subject to temperature ramps from 5 °C to 60 
°C at a rate of 1 °C/min immediately after mixing. The results for F68/α-CD are shown in the 
Appendix 1, Figure S.3. Figure 2.7 shows the non-isothermal gelation behaviour of F12710 with 
various coverages of α-CD. In Figure 2.7A, showing F12710 in the absence of α-CD, no gel was 
observed to form during the entire temperature ramp. The inflection of the curve around 20°C was 
associated with the formation of micelles and resulted in an increase of viscosity as the material 
reached a higher level of organisation. This is in accordance with the cmt reported in the literature. 
33
 The viscosity decreased at higher temperature, as expected, due to thermally induced molecular 
agitation. The observed micellar transition was also present when α-CD was added to the solution to 
obtain a theoretical coverage of 5 %, although the increase in viscosity was lower than for F12710 
alone. For coverages of 7 % (Figure 2.7C) and above (Figures 2.7D to 2.7F), an elastic modulus G' 
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could be measured and a gel formed for coverages of 9 % and above, a result that correlates with 
our observations during the isothermal gelation tests. The gelation temperature, defined here as the 
temperature where G' becomes greater than G", decreased as the coverage increased: gelation 
occurred at 14 °C for a coverage of 9 % (Figure 2.7E) and at 8 °C for a coverage of 10 % (Figure 
2.7F). Interestingly, the gels weakened above 40°C, with two further inflections until the material 
became liquid-like (i.e., G" > G'). This effect was seen to be reversible when the temperature was 
decreased but was not as pronounced during a second heating cycle (Figure 2.8), where it is 
expected that the system has become closer to an equilibrium state. 
 
Figure 2.7. Elastic (continuous line) and viscous (dotted line) moduli evolution during the non-
isothermal gelation of F12710 solutions with various α-CD coverages: A) F12710; B) F12710-α5; C) 
F12710-α7; D) F12710-α8; E) F12710-α9; F) F12710-α10. For clarity, the y axis on A) and B) is 
different to the other graphs. 
 
Figure 2.8. Elastic (continuous line) and viscous (dotted line) moduli evolution during three 
successive temperature ramps for F12710-α10. A) 5 °C to 60 °C; B) 60 °C to 5 °C; C) 5 °C to 60 °C 
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 When the concentration of F127 was increased to 20 % (w/v) (Figure 2.9), micelle 
formation was seen at 16 °C, correlating with literature values.34 Whereas F12720 alone could form 
a gel at 27 °C, low coverages of α-CD were detrimental to the gelation process: no gel formed with 
1 or 2 % coverage and furthermore, gels were only formed at higher temperatures and were weaker 
than F127 alone when 2 to 5 % of the PEO units are covered. However, a higher coverage lead to 
the formation of gels stronger than F127 alone, reaching an elastic modulus of 60 kPa with F12720-
α7 where F12720 alone reached 14 kPa, and the gelation occurred at a temperature as low as 5 °C. 
These results correlate with our observations from the isothermal gelation experiments and further 
support the existence of a ‘coverage threshold’, below which the addition of α-CD is detrimental to 
the formation of a gel but above which the formed gels are substantially reinforced compared to 
F12720 alone. It is worth noting that, similarly to that observed with F12710, the gels formed from 
F12720-α4   and  F12720-α7  weakened at high temperatures.  
 
 
Figure 2.9. Elastic (continuous line) and viscous (dotted line) moduli evolution during the non-
isothermal gelation of F12720 solutions with various α-CD coverages: A) F12720; B) F12720-α1; C) 
F12720-α3; D) F12720-α4; E) F12720-α5; F) F12720-α7. 
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2.4.3 DLS 
2.4.3.1 Isothermal behaviour 
 
 To understand the macroscopic nature of these systems, it is necessary to establish the 
nature of the entities present in the Pluronic solutions at the temperatures and concentrations used. 
Although the cmc and cmt of Pluronic F127 and F68 have been reported in literature 26, more 
detailed insight into the relative proportions of unimers/micelles/aggregates in these systems at each 
temperature and upon addition of α-CD is required. Due to the very high turbidity of the gel 
forming samples, non-gelling systems were studied to probe the mechanisms underlying structure 
formation. These non-gelling samples had a clear appearance and no visible turbidity could be 
observed.  DLS was performed on the solutions of F6810 and F6820 at 20 °C (Figure 2.10A and 
2.10C), F6810 and F6820 at 37 °C (Figure 2.10B and 2.10.D), F12710 at 37 °C (Figure 2.10C) 
without and with α-CD (Figure 2.10D). F12720 at 37 °C is not shown as it is in a hydrogel state in 
these conditions and would require a more complex analysis 35 that is outside the scope this work. It 
is well established that Pluronic F127 hydrogels under these conditions are composed of micelles 
arranged in a cubic pattern.36, 37  
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Figure 2.10. DLS pattern of Pluronic/α-CD solutions: A) F6810 (continuous line), F6810-α1 (dashed 
line) and F6810-α5 (dotted line) at 20 °C; B) F6810 (continuous line), F6810-α1 (dashed line) and 
F6810-α5 (dotted line) at 37 °C; C) F6820 (continuous line) and F6820-α1 (dashed line) at 20 °C;  D) 
F6820 (continuous line), F6820-α1 (dashed line) at 37 °C; E) F12710 (continuous line), F12710-α1 
(dashed line) and F12710-α5 (dotted line) at 37 °C; F) α-CD solutions: 0.77 % (w/v) (continuous 
line) at 20 °C (black) and 37 °C (grey) and 8.8 % (w/v) (dashed line) at 20 °C (black) and 37 °C 
(grey). 
 
 
CHAPTER 2 
 
  37 
 For F6810 without any cyclodextrin at 20 °C and 37 °C , two types of entities were observed. 
The first peak at a hydrodynamic radius of 1.9 nm (20 °C) or 2.4 nm (37 °C) had the highest 
intensity and is attributed to unimers of F68, in accordance with literature 38,39. A second peak with 
a smaller intensity was present at a radius of 150 nm (20 °C) and 47 nm (37 °C) and is attributed to 
Pluronic clusters, previously observed by Brown and Schillén for other Pluronic solutions.40 The 
micellar transition for F6810 has been reported to occur between 33 °C 26 and 50 °C 31.  In this 
present study, no peak was observed at 8-10 nm, which is the expected radius for F68 micelles38, 41. 
Moreover, a temperature sweep of F6810 confirmed the absence of a micellar transition over the 
temperature range studied (Appendix 1, Figure S.1.3). Therefore it can be concluded that no 
micelles were present in the F6810 samples. Overall, our results suggest that unimers are the 
dominant entity in the F6810 solution, at each of the temperatures studied. Similarly, we find that 
unimers dominate in solutions of F6820 at 20 °C and 37 °C (Figures 2.10C and 2.10D). 
 With F12710 at 37 °C, two peaks were also observed. A small intensity peak was observed at 
a hydrodynamic radius of 3.1 nm. This peak can be attributed to unimers and coincides with the 
hydrodynamic radius of F127 unimers obtained by other research groups.37, 42 A high intensity peak 
was found at 13 nm and can be attributed to micelles, in agreement with the literature.37, 43 This 
indicates that micelles are dominating in the solution of F12710 under these conditions. The sizes 
obtained for cyclodextrin solutions are also shown. The lowest concentration (0.77 % (w/v), 
corresponding to F12710-α1) and the highest concentration  (8.8 % (w/v) corresponding to F6810-α5) 
used in the DLS experiment are shown at 20 °C and 37 °C. The hydrodynamic radius of the main 
peak obtained for these solutions was between 79 nm and 129 nm. A smaller peak was present at 
0.45 nm for α-CD 0.77 % (w/v) at 37 °C and is likely due to individual α-CD molecules.  It has 
been previously hypothesised that cyclodextrins can self assemble in water to form "poly-CDs" in 
the absence of other molecules.44, 45, 46  The presence of the peak between 79 nm and 129 nm seems 
to validate this hypothesis and it can be inferred that α-CD aggregates exist in the solutions studied 
here. Moreover, the size obtained for these aggregates correlates with the size observed by Bonini et 
al. 45 for β-CD using DLS. 
 Upon addition of α-CD to cover 1 and 5 % of the PEO units to the F68 solutions, the 
intensity of the peak corresponding to the F68 unimers decreased at both 20 °C and 37 °C while the 
intensity of the aggregate peak and the size of the aggregates increased. The size of the aggregate 
peak does not correspond to the size observed for the solutions of α-CD alone. This shows that 
association takes place between Pluronic and α-CD, leading to larger PPR assemblies.  For F12710, 
the addition of α-CD to cover 1 % of the PEO units did not have a significant impact on the size of 
the entities present in the Pluronic solution. No peak corresponding to the solutions of pure α-CD 
could be observed, indicating that the α-CD might have been incorporated within the Pluronic 
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structure. For F12710-α5, the impact of α-CD on the Pluronic micelles and unimers was more 
pronounced, with a decrease in intensity of the unimers and micelles peaks and the appearance of 
large entities at 677 nm corresponding to PPR aggregates.
  
Although the starting size of the entities 
present in F68 and F127 were different, the aggregates obtained with a coverage of 5 % are within a 
similar range: 580 nm for F6810-α5 at 20 °C, 553 nm for F6810-α5 at 37 °C, 677 nm for F12710-α5 at 
37 °C. 
 
2.4.3.2 Non-isothermal behaviour 
 
 In order to provide further insight into the changes in the resident structures with increasing 
temperature and to develop an appropriate mechanistic model for the observed non-isothermal 
rheological behaviours, the evolution of the DLS pattern of F127/α-CD solutions was investigated. 
Again, only the non-gelling systems were studied due to the very high turbidity of the gel forming 
samples that would interfere with the DLS measurements. Figure 2.11 shows the evolution of the 
light scattering intensity pattern for F12710 (2.11A);  F12710-α1 (2.11B) and F12710-α5 (2.11C) for 
four different temperatures during a temperature ramp experiment between 5 °C and 60 °C at a rate 
of 1 °C/min. These conditions reproduce the non-isothermal rheology test.  For F12710 at 5 °C, 
Pluronic unimers (radius 1.6 nm) and clusters (41 and 200 nm) were observed. At 20 °C, there was 
a distinct peak at about 44 nm, which can be attributed to the presence of immature micelles, in 
accordance with the literature for the cmt of Pluronic F127 at this concentration.33 This also 
correlates with the transition seen in the rheological data attributed to the formation of micelles. As 
the temperature increases, it is known that the micelle size decreases due to the PEO units become 
dehydrated, leading to a smaller hydrodynamic radius.40 This effect was observed in this work. 
Finally, only one peak could be seen at 50 °C, at ~ 9 nm, which can be attributed to the micelles. 
For F2710-α1, the same trend was observed, with the appearance of micelles around 20 °C. 
However, aggregates with a hydrodynamic radius larger than 500 nm could still be seen after the 
formation of micelles, which was not the case for Pluronic alone. The PPRs present in this system 
might be responsible for these larger particles.  At 50 °C, the same pattern as that noted for F12710 
was observed. At a higher coverage (F12710-α5), only aggregates were present up to 22 °C. The 
absence of unimers can be explained by the fact that the Pluronic is either involved in Pluronic 
aggregates, as observed in the other cases or within inclusion complexes with α-CD. As the 
temperature increases above 22 °C, some micelles could be seen, likely formed by uncomplexed 
Pluronic.  Aggregates were however still present and were attributed to the formation of the PPRs.  
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Figure 2.11. DLS pattern for A) F12710; B) F12710-α1; C) F12710-α5. Continuous line: 5°C; Dash: 
20°C; Dots: 30°C; Dash-dot: 50°C 
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2.4.4 SAXS  
 
 The outcomes of the rheological and DLS investigations suggest that it is highly likely that 
the PPR hydrogels must have ordered domains that exist over length scales ranging from angstroms 
to microns, associated with unimers, individual micelles, micellar aggregates, through to large 
collectives of interacting cyclodextrin crystalline-like domains or even chains. SAXS was used to 
survey this range of length scales and gain a more detailed insight on the relative arrangement of the 
structures present within the PPR solutions and hydrogels.  
 Figure 2.12 shows the SAXS patterns for samples of F6810 at 20 °C and 37 °C (2.12A and 
B) (non-gelling), F12710 (2.12C) (non-gelling) and F12720 (2.12D) (F12720 alone forms a gel) and 
the F6810-α10 and F12710-α10 PPR gels (2.12E). Without cyclodextrin, F6810 solutions (2.12A and B) 
could be modelled by Gaussian polymer chains with a radius of gyration of 1.5 at 20 °C and 1.8 nm 
at 37 °C. This is in agreement with the size of the unimers obtained by DLS. When considering α-
CD alone, a clear upturn in the curve was observed in the low q range. The concentration of α-CD 
shown here is equivalent to the concentration that is used in F6810-α10. From the DLS observations, 
it appeared that the α-CD solution was composed of "poly-CD" aggregates in solution and the 
upturn in the curve observed by SAXS confirms this observation. The curve was modelled in a first 
instance by ignoring these aggregates. A cylinder model was fitted and cylinders with a radius of 
0.71 nm (20 °C) and 0.69 nm (37 °C) and length of 2.5 nm (20 °C) and 2.6 nm (37 °C) were 
obtained. The radius corresponds to the radius of a α-CD molecule. The length obtained suggests 
that small assemblies of α-CD (around 2 molecules of α-CD) are present. Due to the inherent 
limitations of the SAXS technique in terms of length scale accessible, accurate modelling of the 
shape of the large aggregates and of their size was not possible. An estimate of the lower size limit 
of the poly-CD aggregates was however obtained by fitting spherical objects equivalent to the 
aggregates. This gave a radius for the aggregates superior to 28 nm at both 20 °C and 37 °C. The 
DLS data showed that the aggregates were indeed larger than 28 nm in radius. 
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Figure 2.12. SAXS patterns for F6810 (circles), F6810-α1 (squares),  F6810-α5 (triangles) and α-CD 
8.8 % (w/v) (crosses) at 20 °C (A) and at 37 °C (B),  for  C) F12710 (circles), F12710-α1 (squares) 
and F12710-α5 (triangles) at 37 °C , for D) F12720 (circles) and F12720-α1 (squares) at 37 °C and for 
E) F6810-α10 at 20 °C (circles) offset by a factor of 10 for clarity, F6810-α10 at 37 °C (squares) offset 
by a factor of 5 for clarity and F12710-α10 at 37 °C (triangles). The continuous lines are the fitted 
data. 
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 Upon addition of α-CD to cover 1 % of the PEO units, it was supposed that the threaded α-
CD would not modify the Gaussian chain model adopted by F68. This was based on the fact that the 
DLS showed that the F68 unimers were still present for F6810-α1. The Gaussian chain model used 
for F6810-α1 gave a radius of gyration of 1.4 nm for at 20 °C and 1.7 at 37 °C . A subtle change in 
the slope at low q compared to F68 alone could be observed: a linear fit of the low q range gave 
slopes of -0.21 ; -0.04 ; -0.24  and -0.45 for F6810 20 °C, F6810 37 °C, F6810-α1 20 °C and F6810-α1 
37 °C, respectively. This is most likely the signature of the PPR aggregates already observed with 
DLS. At a higher concentration of α-CD, the upturn in the curve at low q was more marked, in 
agreement with the DLS data that showed large PPR aggregates.  For F6810-α5 at high q range, the 
scattering was attributed to the individual or small groups of α-CD threaded and unthreaded and to 
the Pluronic chains. However, a simple linear combination of the parameters obtained for the small 
cylinders in α-CD alone (scaled down to reflect the concentration used in F6810-α5) and F68 alone 
did not provide a good fit to the data and the radius of gyration of the Pluronic had to be increased 
to reflect the PPR formation. The best fit for the part of the curve where q > 0.2 Å-1 is obtained for a 
radius of gyration of 4.9 nm at 20 °C and 2.8 nm at 37 °C. The increase in the F68 size can be 
attributed to the threaded α-CD and this radius of gyration is actually representing the PPRs rather 
than free Pluronic. The dimension of the α-CD cylinders remained the same as for α-CD alone, 
showing that some α-CD is unthreaded.   
 For F12710 at 37 °C, the curve was typical of the presence of interacting micelles. The data 
was fitted with a model that sums core shell spheres interacting through a hard sphere structure 
factor to represent the micelles and Gaussian chains to represent the free Pluronic chains.47 Micelles 
with a core radius of 7 nm for the PPO core and a shell thickness of 3.8 nm for the PEO corona 
were obtained. Overall, this formed a sphere with a radius of 10.8 nm, which is very close to the 
radius of the micelles found by DLS (11 nm). Moreover the radius of gyration of the Pluronic 
chains was 2.4 nm, again close to what was found by DLS. Upon addition of α-CD to cover 1 % of 
the PEO units, the curve was smoothened and the structure peak that was present at q = 0.027 Å-1 
moved towards lower q (q = 0.022 Å-1). The curve could still be fitted with the sum of interacting 
core shell spheres and Gaussian chains. Micelles with a core radius of 6.5 nm and a shell thickness 
of 4.7 nm were obtained and the polymer chains had a radius of gyration of 1.9 nm, again 
comparable to the DLS results. The shift towards lower q for the structure peak shows that the 
distance between the micelles has increased. Moreover, the broader structure peak for F12710-α1 is 
an indication that the spatial organization of the micelles in the solution is not as regular as for 
F12710. For F12710-α5, the effect of α-CD on the micelle size and interactions was more marked, 
with a broadening of the peaks at q = 0.022 Å-1 and 0.5 Å-1. Although subtle, an upturn in the curve 
at low q for F12710-α-5 was noticeable and is the signature of the presence of PPR aggregates 
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already observed by DLS. The fitting was performed using the same model as for F12710 and 
F12710-α1. However, it can be seen that the fitting is not taking into account the upturn in the curve 
at low q. The micelles obtained with this model had a core radius of 4.4 nm and a shell thickness of 
6.2 nm while the radius of gyration for the free unimers was 1.5 nm. The increase of the shell 
thickness could be due to the threading of the CD onto the micellar corona.   
 For the gelling system F12720 at 37 °C, sharp peaks indicating the organisation of the 
micelles into a crystalline structure were observed. F127 gels have been shown to be arranged as a 
face-centered cubic (fcc) lattice.37, 48, 49 The fundamental peak q0 was identified at q0 = 0.0344 Å-1. 
The higher order Bragg peaks for a fcc lattice should be found at q1 = (4/3)1/2q0, q2 = (8/3)1/2q0 and 
q3 = (11/3)1/2q0 corresponding to the Miller indices (200), (220) and (311) respectively. Here, only 
q2 and q3 could be clearly identified at 0.0562 Å-1 and 0.0654 Å-1 respectively. However, this effect 
has already been observed by Meznarich et al. 49 and was attributed to fcc twinning defects. F12720-
α1 is not a gel under the conditions of the SAXS test as it takes around 2 hours for F12720-α1 to form 
a gel and the SAXS is performed after one hour only. In the SAXS pattern of F12720-α1, the peaks 
were smoothened and broadened, indicating that the crystalline structure is disrupted and that the 
micelles are interacting more weakly. This is in accordance with the slower gelation kinetics and 
lower mechanical properties obtained for F12720-α1 gels compared to F12720 gels. Using the same 
model used for the F12710 samples, the micelles had a core radius of 4 nm and a corona thickness of 
5.9 nm while the radius of gyration of Pluronic was 1.9 nm. The position of the main structure peak 
for F12720-α1 was shifted towards lower q compared to F12720 (q = 0.029 Å-1 for F12720-1, q = 
0.0335 Å-1 for F12720), indicating that the distance between the micelles has increased upon 
addition of α-CD. 
 Figure 2.12E shows the scattering pattern of the F6810-α10 and F12710-α10 PPR gels. The 
curves are similar to the ones obtained in the literature for α-CD and PEO 10 and for F68 and β-CD 
PPRs.39  The inflexion point observed on the curves at  q = 0.05 Å-1 for F6810-10 at 20 °C, q = 0.04 
Å-1 for F6810-10 and q =  0.03 Å-1  for F12710-α10 at 37 °C  indicates that the distance between the 
entities responsible for the scattering is smaller for F6810-α10 at 20 °C compared to 37 °C and the 
system that contains some micelles (F12710-α10) has the larger distance between the scattering 
entities. This correlates with the fact that F12710-α10 has lower mechanical properties and slower 
gelation kinetics than F6810-α10. 
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2.4.5 Self-healing 
 
 A preliminary investigation of the potential of these PPRs to self-heal post failure was 
performed by allowing the F6810-α10 hydrogel to form for one hour at 37 °C under a strain of 0.1 % 
and a frequency of 1 Hz (in order to observe the gelation), followed by the application of a stepped 
shear stress until failure of the gel (defined as the point where the viscous modulus G" becomes 
higher than the elastic modulus G') (Figure 2.13). This particular gel was found to fail at 500 Pa. 
Once the gel failed, the changes in the systems were observed by applying the same low strain and 
frequency as applied during the initial gel formation (0.1 %, 1 Hz). Indeed, we observed that post-
failure this PPR system rapidly formed a gel again, indicated by G' > G", within 3 minutes. This 
structure matured further over the next 120 min to achieve similar mechanical properties as before 
the failure. Although further investigations would be required to establish the mechanisms of failure 
and self-healing of the PPR gels, this preliminary result confirms the significant utility of these PPR 
gels for a multitude of applications.  
 
Figure 2.13. Self-healing of F6810-α10 at 37 °C. The black filled circles represent G', the grey empty 
circles represent G". The arrow shows the point of failure. 
 
2.5 Discussion 
 
 The rheological characterisation of the α-CD/Pluronic PPRs provides some interesting 
insights.  The main observation is the dual action of α-CD on Pluronic solutions: in the case of 
Pluronic solutions that do not from a gel (F6810, F6820, F12710), the addition of α-CD allows the 
formation of hydrogels provided that a sufficient amount of CD is added. In the case of Pluronic 
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solutions that form hydrogels (F12720), α-CD can have a detrimental effect: it slows down the 
gelation and lowers the mechanical properties when low coverages (below 4 %) are used. 
 In more detail, the time sweep curves shown Figure 2.2 present three zones that reflect the 
assembly process. Travelet et al. 10 showed that for α-CD/PEO based PPRs, the initial period (t < t1 
on the F6810-α8 curve), where only the viscous modulus G" has measurable values corresponds to 
the formation of the PPRs and to the start of the assembly of the PPRs into nanocylinders. 10 The 
second step (t1 < t < t2) is attributed to the continuation of the PPR formation and aggregation 
during which the nanocylinders reach a higher level of organization, resulting in an increase in the 
mechanical properties (both G' and G" increase). At t = t2 the concentration of the aggregates 
reaches a critical value that enables the formation of a physical gel. Based on the similarity of the 
time sweep curves obtained for the gel forming α-CD/F68 systems to those obtained with PEO by 
Travelet et al., we believed that the gelation of α-CD/F68 PPRs follows the same steps as the α-
CD/PEO based PPRs. For the gelling α-CD/F12710 PPRs, the same conclusion can be made as the 
shapes of the curves are again similar to the F68 curves. For F12720, we need to distinguish between 
the low coverage curves (coverage below 4 %) that exhibit a different shape to the α-CD /F68
 
and 
α-CD /F12710 curves and the high coverage curves, that follow same evolution as the α-CD /F68 
and α-CD /F12710.  
 At low coverages, the increase in the mechanical properties occurs in only one step rather 
than the two step increase seen with the other PPRs. This is a first indication that a different gelling 
mechanism is at play. The DLS data for the non-isothermal evolution of the F127 samples provides 
some clues regarding the mechanism of gelation in the presence of micelles: with a coverage of 
only 1 %, the formation of micelles seems to be significantly perturbed by the presence of larger 
aggregates. The intensity of the micelle peak observed without α-CD is greatly decreased when the 
coverage is 1 %. This effect is accentuated when the coverage is increased to 5 %. If we extrapolate 
these observations to F12720, we can hypothesize that with a low coverage (1 %), the micelle 
formation is disrupted. The SAXS data confirms the structure and organisation of the micelles is 
disrupted when α-CD is added for both F12710 and F12720 at 37 °C: a greater distance between the 
micelles and a lesser degree of organisation are observed. Dreiss et al.50, 51 observed a similar 
disruption of F127 micelles by β-CD through the decreased interactions between the PPO blocks of 
Pluronic. In our case, the threading of α-CD onto the PEO blocks of Pluronic likely hinders the 
interactions between the micelles by limiting the interpenetration of the micelles and thus the ability 
to form micellar aggregates and hydrogels. A gel can still form through the entanglement of the 
micelles but at a slower rate, which slows down the gelation and weakens the gel (e.g. F12720-α1). 
From the rheology data we deduce that at higher coverage, the PPRs aggregate concentration is high 
enough to form a gel without relying on micellar entanglement. 
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 We have now established that the presence of micelles influences the way the gels are 
forming. The concentration of α-CD is another important parameter that determines the gelation of 
the PPRs. The time sweep experiments highlight the existence of a critical threshold concentration 
above which gelation is possible:  for F6810 and F6820 at 20 °C, a minimum of 5.28 % (w/v) of α-
CD was necessary to form a gel. This corresponds to a theoretical coverage of 6 and 3 % 
respectively. For F6810 and F6820 at 37 °C, the minimum concentration of α-CD needed was 7.04 % 
(w/v) which corresponds to a theoretical coverage of 8 and 4 % respectively and for F12710, the 
minimum concentration needed for the gelation at 37 °C was 6.93 % (w/v) (9 % coverage).  Becheri 
et al. 44 previously observed the existence of a threshold concentration for aggregation of the PPRs: 
with solutions of poly(ethylene) glycol and α-CD, no onset of turbidity could be observed when the 
concentration of α-CD was lower than 40 mM at 25 °C. This was linked to the inability of α-CD to 
form preassembled aggregates made of several α-CD interacting through hydrogen bonds at low 
concentrations. These "poly-CDs" are thought to facilitate the PPR assembly and therefore their 
aggregation of the PPRs. In the absence of the "poly-CDs", the PPRs are at equilibrium with the 
free polymer and free α-CD  in solution 24 but do not reach the critical assembly concentration.  
 The SAXS and DLS patterns for the PPRs solutions confirm the existence of the "poly-CDs" 
in our study even for non-gelling solutions and solutions that did not form hydrogels still showed an 
increase in the turbidity. Therefore, the presence of poly-CDs and PPRs aggregates is not a 
sufficient condition to form hydrogels, a critical amount of PPR aggregates is in fact necessary to 
form a network.  In addition to determining whether a PPR system will gel or not, the amount of α-
CD influences the gelation time: the time sweep experiments show that the gelation time decreases 
as the α-CD coverage increases. This is most likely due to the presence of more numerous and 
longer PPRs as the amount of α-CDs in solution increases, which can form a network more rapidly. 
This observation is consistent with what is observed with other PPRs systems. 14, 19  
 We studied the effect of temperature on the isothermal gelation for F68. A lower 
temperature decreases the threshold concentration of α-CD needed to form a gel. Additionally, for a 
similar coverage below 10 %, the gels form faster and show higher mechanical properties for the 
F6810 systems at 20 °C compared to 37 °C. This effect of the temperature on the gelling time has 
been observed by Travelet et al.10 with PEO/α-CD based PPRs. They found that the kinetics of 
gelation is slower at 30 °C than at 5 °C.  Moreover, Ceccato et al. 52 established that an increase in 
temperature slows down the threading and assembly process by increasing the molecular agitation, 
therefore making threading more difficult and hindering the strong association between the core of 
α-CD and PEO.  
 The effect of the Pluronic type can be seen when comparing F6810 and F12710.  At equal 
coverage, F6810 systems gel faster than F12710 systems. The higher proportion of PEO in F68 
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compared to F127, which increases the size of the PPR microcrystalline domains for a similar 
coverage is likely to accelerate gelation. Moreover, as established above, the presence of micelles 
for F127 will slow the aggregation process due to the steric hindrance. For both types of Pluronic, a 
higher Pluronic concentration produces a higher elastic moduli with lower α-CD coverage, most 
likely due to the fact that the polymer network participates in the gel structure and contributes to the 
mechanical properties.  
   
Gelation mechanism. 
 Taking into account the experimental data presented here, the structure and mechanism of 
formation of the hydrogels can be described (Figure 2.14).  Three cases can be distinguished: 1.) No 
micelles are present (e.g. F6810 and F6820) (Figure 2.14A);  2.) Micelles are present but not at a 
concentration sufficient to form a gel in the absence of α-CD (e.g. F12710 at 37° C) (Figure 2.14B); 
and 3.) Micelles are present and can form a gel in the absence of α-CD and the coverages are low 
(e.g. F12720 at 37 °C at low coverages) (Figure 2.14C).  
 In the first case (Figure 2.14A), the gelation is similar to what is observed with PEO based 
systems: if the α-CD are present at a sufficient concentration, Pluronic molecules thread into the 
already existent poly-CDs and assemble into larger PPR crystalline domains responsible for the 
gelation. Additionally, hydrophobic interactions are present between the PPO blocks and although 
they are not strong enough to form micelles they might participate in the cohesion of the gel. In this 
case, the driving force behind the gelation is the PPR assembly and elements forming the physical 
crosslinks are the PPR aggregates.  
 In the second case (Figure 2.14B), the micelles are present but not at a sufficient 
concentration to form a gel.  The Pluronic micelles are threaded into the existent poly-CDs to form 
the PPRs. The PPR aggregation is more difficult in the presence of micelles due to the steric 
hindrance, which results in slower gelation kinetics and weaker gels for micellar systems (F12710) 
compared to linear systems (F6810) for a similar coverage. Similar to the first type of gels, the 
driving force behind the gelation is still the assembly of the PPRs and the crosslinks are formed by 
the PPR aggregates.  
 In the last scenario, a gel would form in the absence of α-CD  by micellar entanglement. 27  
Two cases emerge when α-CD is added: if the α-CD coverage is low (Figure 2.14C), the formation 
of the PPRs is disrupting the micellar aggregation and the interactions between the PPRs are too 
low to overcome the energy barrier necessary to bring the complexed micelles together: the gels can 
still form through the micellar entanglement but at a slower rate and are weaker than pure Pluronic. 
When the coverage is sufficient, the disruption of the micelle entanglement is offset by the 
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formation of strong interactions between the PPRs and strong gels can be obtained rapidly, similar 
to what is observed in the second scenario (Figure 2.14B). 
 The decrease in the mechanical properties observed for the gels at high temperature during 
the temperature sweeps is expected to be due to the disruption of the hydrogen bonds between the 
crystalline-like poly-CDs (a type of ‘melting’) when approaching 60 °C, combined with the 
molecular agitation. This leads to a partial breakdown of the 3D network, which is not at 
equilibrium since the values for the elastic and viscous moduli are lower than the ones observed 
during the isothermal gelation. This is supported by the fact that this effect is reversible when the 
temperature is decreased and that the weakening (or melting) of the gel is reduced during a second 
heating cycle (Figure 2.8), where it is expected that the system is closer to the equilibrium. A 
network with more aggregates already formed and tightly packed will be less sensitive to high 
temperatures. 
 
 
 
Figure 2.14. Temporal gelation mechanism of Pluronic and α-CD. (A) No micelles are present 
(e.g.: F6810 and F6820) (B) Micelles are present but not at a concentration sufficient to form a gel in 
the absence of α-CD (e.g.: F12710). (C) Micelles are present and can form a gel in the absence of α-
CD and the coverage is low (e.g.: F12720). 
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 The gels obtained in this study reach very high mechanical properties compared to other 
PPR gels found in the literature: gels reaching an elastic modulus in the order of magnitude of 105 
Pa have been reported in the literature using poly[(R,S)-3-hydroxybutylrate]-PEO-poly[(R,S)-3-
hydroxybutylrate] (PHB-PEO-PHB) copolymer and α-CD53 with the concentration of polymer 
ranging from 2.3 to 4.5 % (w/v) and  the concentration of α-CD  between 6.7 and 8.9 % (w/v), or 
using PEG/α-CD PPRs 54 with the PEG concentrations ranging from 1 to 4 % (w/v) and the α-CD 
concentrations ranging from 6 to 8 % (w/v). However, to our knowledge, no PPR hydrogel has been 
shown to reach elastic modulus values of the order of 106 Pa. In their study, Liu et al.53 showed that 
the PPRs formed from low molecular weight PHB-PEO-PHB (5000 Da) had comparable or higher 
mechanical properties than with a high molecular weight PEO molecule (27 000 Da). It was 
attributed to the additional hydrophobic associations of the PHB blocks that reinforce the PPR 
hydrogels. In our case, a similar phenomenon can be assumed: the PPO units of the Pluronic 
associate through hydrophobic interactions, either in the form of micelles above the cmt (Figure 
2.12B) or in the form of more linear associations (Figure 2.12A), and complement the crosslinks 
formed by the PPRs crystalline domains, giving rise to enhanced mechanical properties.   
 
2.6 Conclusion 
 PPR hydrogels based on Pluronic and α-CD exhibit complex behaviours depending on the 
temperature and concentrations of Pluronic and α-CD. For the first time, we have shown that α-CD 
has a dual effect on the gelation of Pluronic : at sufficient coverages of the PEO units of Pluronic, it 
favours the gelation of Pluronic systems that cannot form a gel otherwise and reinforces the 
mechanical properties of pure Pluronic hydrogels. However, in some cases it has a detrimental 
effect on the gelation of Pluronic. More subtle mechanisms that the ones found in the literature had 
to be proposed to reflect these observations. The elastic modulus obtained with our system is very 
high compared to more conventional hydrogels (e.g. Poly(ethylene) glycol) or even compared to 
other PPR systems, opening the way to new applications that require stiff hydrogels.  This 
investigation provides new insight into the complex structure-function-property relationships 
displayed by α-CD/Pluronic-based pseudo-polyrotaxanes, in addition to describing PPR hydrogels 
with novel and highly tunable properties. With the capability to functionalise the α-CD with 
biological moieties, these self-healing, mechanically tunable, self-assembling hydrogel systems are 
expected to find significant applications in fields such as drug delivery and tissue engineering. 
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3 Enhancement of the stability of the hydrogels and evaluation of applications 
in drug delivery and cell encapsulation  
3.1 Chapter Preface 
 
 Self-assembled pseudo-polyrotaxane (PPR) hydrogels formed from Pluronic and α-CD have 
been investigated in Chapter 2. Their mechanical properties, gelation kinetics and mechanism of 
gelation have been established. Due to their self-assembled, meso-equilibrium thermodynamic state, 
these PPR hydrogels will dissociate within a few hours when immersed in a liquid that contains 
lower concentrations or no Pluronic or α-CD, due to differences in chemical potential. This effect 
has been previously reported in drug delivery systems using PPRs1, 2 and must be addressed in order 
to render these hydrogels suitable for cell culture, where such hydrogels are subjected to immersion 
in culture media in vitro or to the flow of body fluids in vivo for periods of time ranging from a few 
days to several weeks. To solve this issue, a chemical moiety amenable to covalent crosslinking 
needed to be introduced to impart some robustness to these gels. This chapter details the methods 
used for synthesis and fabrication of covalently crosslinked polyrotaxane hydrogels, their physical 
properties (mechanical properties and degradation profile), as well as a preliminary investigation 
into their potential for applications in drug delivery and cell encapsulation. The hydrogels presented 
in this chapter will serve as the backbone for the development of functionalised hydrogels for stem 
cell tissue engineering. 
3.2 Introduction 
 
 A self-assembled system is defined as a system in which the components spontaneously 
form ordered aggregates.3 Self-assembly is driven by weak non-covalent interactions such as van 
der Waals interactions, the hydrophobic effect and hydrogen bonding and can occur at the 
molecular and nanoscale4 levels  (e.g.folding of an amino acid sequence into α-helices or β-sheets, 
micellar assembly of amphiphilic molecules) or at larger scales :  micro -and macro-scale, for 
example in the self-assembly of hydrogel building blocks.5, 6 α-CD and Pluronic pseudo-
polyrotaxanes (PPRs) hydrogels are self-assembled systems where α-CD pre-assembles into 
aggregates and threads onto Pluronic.7-9 These pseudo-polyrotaxanes in turn self-assemble into 
larger structures, leading to the formation of a hydrogel (Chapter 2). Self-assembled pseudo-
polyrotaxane hydrogels present attractive tunable gelation and self-healing properties.  
Self-assembly is an interesting gelation mechanism in tissue engineering because it avoids 
the use of chemicals or external stimulus (e.g. UV) to crosslink the hydrogels that can potentially be 
harmful to the cells.  However, by nature, self-assembled systems are reversible and perturbations 
to their thermodynamic equilibrium can bring them back to their dissociated state. For example, a 
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Pluronic hydrogel, formed by micellar entanglement due to the hydrophobic associations between 
the PPO units, will revert to a liquid Pluronic unimer solution if a decrease in temperature or a 
decrease in the Pluronic concentration occurs.10 PPR hydrogels are not exempt from this 
phenomenon and in fact, the PPR hydrogels presented in Chapter 2 were observed to dissociate 
within a few hours if immersed in a liquid not containing the PPR molecules (e.g. media) (data not 
shown). This was assumed to be due to rapid interfacial dissolution and eventual failure of the 
hydrogel as the local concentration of the PPR components decreased below the gelation threshold, 
as a result of water diffusion into the hydrogel and diffusion of PPR components out of the hydrogel 
to balance the chemical potential of the system. This reversibility, although of interest in some 
applications, is not ideal when the end use of the hydrogel is targeted at tissue engineering. Indeed, 
if the hydrogels are to be inserted in the body, they will be exposed to interstitial fluid flow that will 
similarly lead to the dissociation of these non-covalent hydrogels. From a laboratory perspective, if 
cells are to be cultured on or within the hydrogels, the addition of culture media on top of the gels to 
supply the cells with nutrients will also result in their dissociation. Moreover, the rapid degradation 
of the self-assembled PPR hydrogels will likely release a large amount of α-CD. Large amounts of 
free α-CD can be cytotoxic to cells, due to their ability to solubilise membrane lipids (e.g. 
cholesterol11), which disrupts the cell membrane and causes cell death.12, 13 Therefore, rapid 
degradation of the gels is not a desirable characteristic from a tissue engineering perspective.  
To improve the stability of the PPR hydrogels, a covalent crosslinking function obviously 
needs to be introduced into these gels. To be suitable for cell encapsulation, the crosslinking process 
should avoid leaving residual cytotoxic components in the hydrogels and should not require 
exposure to harsh chemical or physical conditions. Peroxidase catalysed oxidation permits coupling 
of two phenol moeties using mild conditions.14, 15 In the presence of horseradish peroxidase (HRP) 
and hydrogen peroxide (H2O2), C–C and C–O bonds can be formed between two phenol groups 
(Figure 3.1), allowing the formation of hydrogels from phenol functionalised polymers. This 
mechanism of crosslinking has been used with various synthetic polymers: 8-arm PEG16, Tetronic17-
20
, and biopolymers: hyaluronic acid14, 21-24, chitosan25, 26, gelatin.27-32 Although H2O2 is toxic to 
cells at high concentrations33, it is consumed during the crosslinking reaction and its rate of 
consumption can be controlled by changing the kinetics of the reaction through changing the ratio 
of H2O2 to HRP.14 In this way, the exposure time of H2O2 to the cells can be minimised. H2O2/HRP 
mediated crosslinking has been successfully used for cell culture in 2D using mouse embryonic 
fibroblasts25, mouse myoblasts34, 35 and human umbilical vein endothelia cells (HUVECs).20 In 3D,  
human mesenchymal stem cells (hMSCs) have been successfully encapsulated within hydrogels 
crosslinked with H2O2/HRP without compromising the viability of the encapsulated cells. 16, 27  
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 In this chapter, an enzymatically mediated crosslinking function was thus introduced onto 
the Pluronic end-groups of the PPRs through the use of a phenolic moiety (tyramine), with the aim 
of creating covalent crosslinks between the PPR components of these hydrogels. In addition, a 
tyramine-functionalized multi-arm PEG was added into the hydrogels to generate a branched 
crosslinked network and improve the stability of the hydrogels. This method allows for the easy 
formation of covalent hydrogels containing PPRs, which could give rise to unique properties. These 
new generation hydrogel designs were assessed for possible future tissue engineering applications 
relying on drug and cell delivery. 
 
 
 
Figure 3.1. General crosslinking schematic between two phenols present as end-groups on a 
polymer, mediated by H2O2 and HRP. 
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3.3 Materials and Methods 
3.3.1 Materials 
 
 Pluronic F68 (PEO76PPO29PEO76, Mw = 8,400 g mol-1), Pluronic F127 
(PEO100PPO65PEO100, Mw = 12,600 g mol-1), α-CD, 4-Dimethylaminopyridine (DMAP), 
triethylamine (TEA), N-Hydroxysuccinimide (NHS), N,N'-Dicyclohexylcarbodiimide (DCC), 
succinic anhydride (SA), Tyramine (Tyr), HRP (113 U/mg), tetrahydrofuran (THF), 1,4-dioxane 
(DO), diethyl ether, 6-aminofluorescein, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich 
(St Louis, MI, USA). Phosphate Buffer Saline (PBS), 10x stock, diluted with milliQ water (Merck 
Millipore, Billerica, MA, USA).  H2O2 (30 % solution) was obtained from Merck (Whitehouse 
Station, NJ, USA), 8-arm PEG (10,000 g mol-1 , hexaglycerol core) was obtained from JenKem 
(Allen, TX, USA), high glucose Dulbecco's modified Eagle medium (DMEM), batch tested foetal 
bovine serum (FBS), penincillin/streptomycin and the LIVE/DEAD® Reduced Biohazard Cell 
Viability (L-7013) kit were purchased from Life Technologies (Carlsbad, CA, USA). All materials 
were used as received without further purification. 
 
3.3.2 Synthesis of Pluronic and PEG functionalised with Tyramine 
 
To synthesize tyramine terminated Pluronic (F68-Tyr or F127-Tyr) or 8-arm PEG (PEG-
Tyr), the polymer was first functionalised with a carboxylic group according to the following 
procedure (Figure 3.2 – note: only Pluronic is shown but the reaction scheme is identical for the 8-
arm PEG): The polymer was dissolved in anhydrous DO (1 g polymer in 10 ml of DO) under a 
nitrogen atmosphere. DMAP and TEA were added in a 2.5 molar excess to the number of end 
groups. The reaction was stirred at room temperature for 15 minutes before addition of SA in a 2.5 
molar excess to the number of end groups. The reaction was left to stir at room temperature for 24 
hours under a nitrogen atmosphere. The DO was then evaporated under vacuum and the product 
was precipitated with cold diethyl ether, collected by centrifugation and dried under vacuum 
overnight. Yield : 96 % 
To functionalise the polymers with tyramine, the carboxylated polymers were dissolved in 
anhydrous THF under a nitrogen atmosphere (1g of Pluronic in 20 ml THF). DCC and NHS  were 
added in a 2.5 molar excess to the number of end groups. The reaction was stirred at room 
temperature for one hour before addition of tyramine (dissolved in THF) in a 2.5 molar excess to 
the number of end groups. The reaction was left to stir at room temperature for 24 hours under a 
nitrogen atmosphere. The THF was then evaporated under vacuum and the product was precipitated 
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with cold diethyl ether. The white powder was then dissolved in water and some insoluble material 
was seen, corresponding to a dicyclohexylurea salt.36 The solution was dialysed against water for 3 
days before being filtered to remove the insoluble material and freeze-dried. The yield was 90 %. 
 
 
 
Figure 3.2. A) Reaction scheme for the functionalisation of Pluronic with tyramine; B) Structure of 
PEG-Tyr obtained through the same functionalisation reaction. 
 
3.3.3 NMR 
 
 Quantitative 1H NMR (500 MHz) spectra were acquired on a Bruker Avance III HP 500 
NMR spectrometer. Spectra were recorded of the polymers dissolved in d6-DMSO and the solvent 
peak at δ = 2.50 ppm was used as the internal reference. The degree of substitution (DS) of 
tyramine on the Pluronic molecules was calculated from the integral of the methyl protons 
resonance from the PPO units (δ = 1.04 ppm) and the aromatic resonances from tyramine (δ = 6.97 
and 6.70 ppm). For PEG-Tyr, the ethyl protons were used (δ = 3.50 ppm ). To ensure the peaks 
observed for tyramine were arising from tyramine covalently bound to Pluronic and PEG, pulsed 
gradient 1H NMR was employed at a gradient of 3 and 95 % and the intensity of the resonances 
compared to the quantitative scans (Appendix 2). The intensities of the methyl protons of the 
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Pluronic polymers or ethyl protons of PEG compared to the aromatic protons of tyramine remained 
unchanged in the diffusion spectra, showing that all the tyramine groups were covalently bound to 
the polymer backbone with no free material present. 
 
3.3.4 Formation of hydrogels containing 8-arm PEG and α-CD 
 
 Two types of gels were studied: gels without α-CD and gels containing α-CD threaded onto 
Pluronic F68 or F127 with tyramine end groups. To determine the ideal concentrations of HRP and 
H2O2 required for the crosslinking, gels were firstly formed without α-CD. Pluronic-Tyr was 
dissolved in PBS. In some cases, PEG-Tyr was added to the solution with varying ratios of PEG to 
Pluronic. The ratios used were: no PEG-Tyr ("0"), one PEG-Tyr molecule for eight (Low ratio, 
"L"), four (Medium ratio, "M") or two (High ratio, "H") molecules of Pluronic-Tyr. Unless 
otherwise stated, all the gels are covalently crosslinked through the phenol end groups using 
HRP/H2O2. The final concentration of Pluronic-Tyr was 10 % (w/v) for all the experiments. 
Samples are designated as follows: "Type of Pluronic"-"Type of end-group"-"Letter representing 
the ratio of PEG-Tyr to pluronic". For example, F68-Tyr-L represents a gel composed of F68-Tyr 
and a ratio of one PEG-Tyr molecule for eight F68-Tyr molecules. To form the gel, HRP was added 
and mixed into the solution. The range of concentration investigated for HRP was 0.125 U/ml to 
0.625 U/ml. Finally, H2O2 , of which the concentration range investigated was between 7.8 mM and  
45 mM, was added to the solution, followed by a rapid mixing step (by pipetting the solution up and 
down) before the solution was either loaded onto a rheometer to study its gelation properties or 
pipetted into a mould to form gels.  
To form enzymatically crosslinked gels from the PPRs, these were first formed by mixing 
F68-Tyr or F127-Tyr with α-CD according to the protocol described in Chapter 2 and left to 
assemble for 4 hours, at 20 °C for the gels formed from Pluronic F68-Tyr to ensure the absence of 
micelles, or 37 °C for the gels formed from Pluronic F127-Tyr to obtain some micelles. After the 
PPR gelation step, the white opaque gels were sheared manually with a spatula and a PEG-Tyr 
solution (if necessary), HRP and H2O2 solutions were added. Given their consistency, the PPR gels 
could not be pipetted and were manually loaded onto the rheometer or in a mould using a spatula 
before the enzymatic crosslinking took place. The nomenclature for the gels containing α-CD is as 
follows: "Type of Pluronic"-"Type of end-group""-"α % coverage"-"Letter representing the ratio of 
PEG-Tyr to pluronic", the coverage being defined as the theoretical percentage of PEO units 
covered by α-CD molecules, knowing that one α-CD molecule can cover two units of PEO (see 
Chapter 2). For example, F68-Tyr-α10-L represents a gel composed of F68-Tyr and a ratio of one 
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PEG-Tyr molecule for eight F68-Tyr molecules and containing enough α-CD to cover 10 % of the 
PEO units in F68.  
The general schematic of the hydrogels with all the components is presented Figure 3.3. 
Although it is not represented on the schematic, it is possible for two PEG molecules or two 
Pluronic molecules to react with each other. The hydrogel based on F127-Tyr will have Pluronic 
micelles instead of linear Pluronic molecules (as would be the case for the F68-Tyr system). The 
introduction of PEG-Tyr into the hydrogels leads to the end-capping of the PPRs thus forming 
polyrotaxanes (PRs). Although not all the end groups might be end-capped, the abbreviation PR 
will be used when the Pluronic/α-CD assemblies are crosslinked with PEG-Tyr and the abbreviation 
PPR will be used for the purely self-assembled systems. 
 
 
 
Figure 3.3. Schematic of the covalently crosslinked F68 PR hydrogels containing 8-arm PEG. 
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3.3.5 Rheological analysis 
 
 The shear elastic (storage) modulus (G’) and viscous (loss) modulus (G”) of the hydrogels 
were measured using an AR 1500ex rheometer (TA Instruments, New Castle, DE, USA) with a 
cone (diameter: 40 mm, angle: 2°, truncature distance: 56 µm) and plate geometry. Strain and 
frequency sweeps were performed to determine the boundaries of the linear viscoelastic region of 
the systems studied. Time sweeps at 37 °C and 20 °C with a strain of 0.1 % and a frequency of 1 Hz 
were performed to follow the gelation of Pluronic-Tyr with α-CD in order to ensure that the 
threading of α-CD onto Pluronic was not impaired by the presence of the tyramine end groups. For 
the enzymatic crosslinking, time sweeps were performed in triplicate for various compositions of 
Pluronic, PEG-Tyr, H2O2 and HRP at 37 °C with a strain of 0.1 % and a frequency of 1 Hz to 
determine the amounts of H2O2 and HRP to form crosslinked gels with the desired kinetics of 
gelation, that is a gelation time that allows for the manipulation of the solutions (loading onto the 
rheometer, cell encapsulation...) before the gel is formed, and determine their mechanical 
properties.  The solutions were mixed as described in Section 3.3.4 and immediately loaded onto the 
rheometer. The initial optimisation of H2O2 and HRP was performed without PEG-Tyr and the 
elastic modulus G' obtained after 1 hour is reported, this timeframe being sufficient for the 
mechanical properties to reach a plateau for all the conditions tested. For the optimisation of the 
gelation conditions in the presence of PEG-Tyr, the elastic modulus G' obtained after 1 hour is 
reported. Once the optimal concentrations of H2O2 and HRP were determined, the gels containing 
α-CD were also studied. The gels were prepared as described in 3.3.4 and immediately loaded onto 
the rheometer. The elastic modulus G' obtained after 30 min is reported (being enough time for 
mechanical properties to reach a plateau). Frequency sweeps between 0.1  Hz and 100 Hz and a 
strain of 0.1 % were also performed after the gels were formed.  
 Due to the substantial viscoelastic nature of these gels, the creep behaviour was also tested: 
the linear viscoelastic regions of the gels were initially confirmed using oscillatory stress sweep 
tests by crosslinking the gels on the rheometer for 30 min (with monitoring of the gelation using a 
time sweep), as described above, and then applying oscillatory stresses ranging from 1 Pa to 1200 
Pa at a frequency of 1 Hz and a temperature of 37 oC. To assess the creep behaviour, the gels were 
crosslinked for 30 min on the rheometer as described above (with monitoring of the gelation using a 
time sweep) followed by application of a constant stress of 1000 Pa (as a step function) to the 
sample for a period of 30 min at 37 oC  and measurement of the resultant strain. This value of stress 
was chosen as representative of the stress that cells exert on their surroundings37-39, while being 
within the linear range of the gels. The samples were performed in triplicates.  
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3.3.6 Degradation study 
 
 Gels with and without α-CD were formed as described in Section 3.3.4 and poured into 
silicone moulds with a cylindrical shape with a diameter of  11 mm and a height of  3 mm. The use 
of silicone moulds ensured that all the gels (including the ones formed from the PPRs which cannot 
be pipetted) are of comparable volume and surface area. The gels were left to set for 30 min at 37 
°C before being extracted from the mould (Figure 3.4), put into 5 ml plastic tubes and weighed. 1 
ml of PBS was then added on top of the gels and the tubes were incubated at 37 °C. Each day, PBS 
was removed and the gels were gently blotted to remove the excess PBS and weighed. Every 3 
days, the PBS was replaced with fresh PBS to mimic cell culture conditions where the media is 
exchanged at regular intervals. The gels were weighed until complete degradation. Triplicates of 
each sample were performed. The percentage of the initial mass is reported.  
 
 
Figure 3.4.Typical shape for the gels after extraction out of the silicone mould, A) Gel crosslinked 
with H2O2 and HRP without α-CD B) Gel crosslinked with H2O2 and HRP containing α-
CD/Pluronic polyrotaxanes. 
 
 To study the mechanism of degradation of the hydrogels, the supernatant collected during 
each PBS change until complete degradation of the gels was kept and pooled. It was then dialysed 
against water for 3 days to remove the small degradation products. The resulting solution was 
freeze-dried and the powder obtained was analysed by NMR. 
 
3.3.7 Drug release 
 
 A poorly water soluble molecule, 6-aminofluorescein was encapsulated in the gels. 6-
aminofluorescein was first dissolved in PBS at a concentration of 0.1 mM. This solution was then 
either mixed with the Pluronic solution, PEG-Tyr, H2O2 and HRP to form the gels without α-CD or 
was used to dissolve α-CD and then added to the Pluronic solution to form the PPR gel before the 
enzymatic crosslinking was performed. The drug loading used was 12 µg of 6-amino fluorescein 
per gram of hydrogel. The gels were formed into a disc shape as described in 3.3.6 and placed into 5 
ml plastic tubes. 1 ml of PBS was added on top of the hydrogels. At regular time points, 100 µl of 
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the PBS were taken from the supernatant, the absorbance was measured at 490 nm before putting 
the 100 µl back with the rest of the supernatant. Triplicates were performed for each condition. The 
measurements were performed until complete degradation of the hydrogels. 
 
3.3.8 Evaluation of α-CD cytotoxicity 
 
 Due to their self-assembled nature, the PPR hydrogels will dissociate within a few hours 
when immersed in a liquid (e.g. media), releasing free α-CD into the solution. To assess whether the 
concentrations of α-CD present in the gels and potentially released as free α-CD could cause 
cytotoxicity to NIH-3T3 mouse embryonic fibroblasts, a MTT assay was performed.  NIH-3T3 
mouse embryonic fibroblasts were cultured in DMEM high glucose supplemented with 100 U/ml 
penicillin, 100 µg/ml streptomycin and 10% batch-tested FBS. The fibroblast were seeded at 10,000 
cells/cm2 in a 96 well plate and 150 µl of DMEM containing a range of α-CD concentrations (92.4 
mg/ml to 2.9 mg/ml) were added to the cells. After 24 hours, the media was removed and replaced 
with 150 ul of DMEM containing MTT (0.5 mg/ml) and incubated for 3 hours at 37 °C. The media 
was then removed, the wells were rinsed with PBS three times and 100 µl of DMSO were added to 
the wells. The plate was incubated for a further 20 min with agitation and the absorbance was read 
at 570 nm. The measurements were performed in triplicates and compared to a control that 
contained no α-CD. 
 
3.3.9 3D cell encapsulation 
 
 NIH-3T3 mouse embryonic fibroblasts were encapsulated in the hydrogels at a density of 2 
million cells/ml. The hydrogel mixtures were prepared by re-suspending the required number of 
cells in a solution composed of F68-Tyr or F127-Tyr, PEG-Tyr and HRP. H2O2 was added last and 
50 µl drops of the suspension were pipetted onto the glass slide to form hemispheres and incubated 
at 37 °C until the gelation was complete. For the gels containing α-CD, the PPR gels were first 
sheared and solutions of PEG-Tyr and HRP were added to the gels before the cell suspension was 
added into the mixture. H2O2 was then added to this mixture and 50 µl drops of gel were deposited 
onto the glass and incubated at 37 °C until the gelation was complete. The hydrogel hemispheres 
were then transferred into a 48 well plate and 500 µl of high glucose DMEM were added on top of 
the hydrogels. It was noticed that the presence of FBS accelerated the degradation of the gels based 
on tyramine-functionalised polymers and was therefore not used with these gels. The tyramine-
based gels containing cells were incubated for 24 hours at 37 °C before live/dead staining and 
imaging. A live/dead cell viability kit was used to stain the cells so that they could be observed as 
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either  live (green) and dead (red) cells within the hydrogels. Z-stacked images (100 µm, 10 µm 
slices) were obtained using a Zeiss LSM710 confocal laser scanning microscope. Images in at least 
two gel locations were taken. 
 
3.3.10 Statistical analysis 
 
 Unpaired, two-tailed Student's t-tests and two-way ANOVA tests were performed using the 
software GraphPad Prism 6 (CA, USA) to determine the significance between the different samples 
for the mechanical properties, degradation properties, drug release properties and cell viability 
experiments. 
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3.4 Results 
 
3.4.1 Characterisation of tyramine functionalised polymers 
 
 1H NMR was performed to validate the tyramine functionalisation of Pluronic F68 and 
F127 as well as PEG-Tyr (Figures 3.5 and 3.6). The quantification using the aromatic protons of 
tyramine and the methyl group of Pluronic, as well as the known molecular structures (29 methyl 
groups per molecule in F68, 65 for F127),  allowed determination of the degree of functionalisation. 
A high degree of functionalisation of 96 % (± 4) was obtained for both F127-Tyr and F68-Tyr, 
which is equivalent to an average of 1.92 end groups out of 2 functionalised. For PEG-Tyr, the ethyl 
group and the known molecular structure (426 ethyl groups for the peak at 3.50 ppm) were used to 
determine the degree of functionalisation, found to be 98 % (± 4), which is equivalent to 7.84 out of 
8 arms functionalised per molecule on average.  
 
 
 
 
Figure 3.5. 1H NMR spectra of F127-Tyr and F68-Tyr. Peaks 4 (195H for F127, 87H for F68) and 
11,12 (4H each) were used to quantify the degree of functionalisation of the polymers. 
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Figure 3.6. 1H NMR spectra of PEG-Tyr. Peaks 1 and 1' (882H) and 11, 12 (16H each) were used 
to quantify the degree of functionalisation of the polymer. 
 
3.4.2 Optimisation of enzymatic crosslinking conditions 
 
 The amounts of HRP and H2O2 for crosslinking of the PPR gels were first optimised with 
F68-Tyr-0 and F127-Tyr-0, that is the tyramine functionalised polymers in the absence of α-CD and 
PEG-Tyr. The gels formed by this method would have end-to-end crosslinked polymers. The aim 
was to determine the optimal H2O2 and HRP concentrations that lead to the highest mechanical 
properties and optimal crosslinking time. The highest mechanical properties were desired in order to 
mitigate the loss of mechanical properties due to the shearing of the PPR hydrogels preceding the 
enzymatic crosslinking. Optimal crosslinking time should allow for manipulation of the gels (cell 
encapsulation, transfer into a mould, etc.) and can consequently not be less than a few seconds. The 
ratio of H2O2 to HRP also had to be optimised to avoid depletion of the H2O2, which manifested as 
a sudden plateau in the mechanical properties as seen in Figures 3.7C for [H2O2] = 10 mM and 
3.7G for [H2O2] = 7.8 mM .  Theoretically, the formation of a bond between two phenol groups 
requires one molecule of H2O2.14 This amount served as the starting point for the optimisation. For 
both F68-Tyr-0 and F127-Tyr-0, increasing the H2O2 concentration led to an increase in gelation 
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time (Figure 3.7). The highest mechanical properties were achieved using 1.2 to 1.5 molecule of 
H2O2 for 2 molecules of phenol. Larger amounts of H2O2 led to decreasing mechanical properties. 
An increase in the HRP concentration decreased the gelation time while the mechanical properties 
increased. However, above 0.63 U/ml for F127-Tyr (data not shown) and 0.5 U/ml for F68-Tyr, a 
further increase in the HRP concentration either led to gels with gelation kinetics too fast for the 
targeted applications or did not lead to higher mechanical properties. Overall, the best crosslinking 
conditions found for F68-Tyr-0 were 15 mM of H2O2 and 0.5 U/ml of HRP, and for F127-Tyr-0 the 
optimal conditions were 11.7 mM of H2O2 and 0.63 U/ml of HRP (listed in Table 3.1).  
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Figure 3.7. Optimisation of the concentrations of H2O2 and HRP for F68-Tyr-0 and F127-Tyr-0 
hydrogels. The gelation time and elastic modulus G' (after 1 hour)  are reported (mean of triplicates 
± standard error of the mean) and the kinetics curves (limited to the first 30 min for clarity) are 
shown. A) and C) Varying [H2O2] for F68-Tyr-0 with [HRP] constant at 0.5 U/ml; B) and D) 
Varying [HRP] for F68-Tyr-0 with [H2O2] constant at 15 mM; E) and G) Varying [H2O2] for F127-
Tyr-0 with [HRP] constant at 0.5 U/ml ; F) and H) Varying [HRP] for F127-Tyr-0 with [H2O2] 
constant at 11.7 mM. Mean of triplicates ± standard error of the mean. 
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 PEG-Tyr was subsequently added in various ratios in order to create a crosslinked network. 
The amounts of H2O2 and HRP were scaled up proportionally to the number of end groups present 
in the mixtures. As a proof of concept that a simple scale up still corresponded to the optimal 
crosslinking conditions, the amounts of H2O2 and HRP were varied for F127-Tyr-L. The scaled up 
amounts for F127-Tyr-L from the optimal conditions found with F127-Tyr-0 are 18 mM of H2O2 
and 0.96 U/ml of HRP. Three other concentrations of H2O2 ([HRP] fixed) and 3 other 
concentrations of HRP ([H2O2] fixed) were studied and the best conditions were found to be the 
scaled up amounts from the F127-Tyr-0 optimisation (Figure 3.8). The same scale up of the H2O2 
and HRP concentrations was applied to the other ratios of PEG-Tyr to F127-Tyr and to F68-Tyr. 
The HRP and H2O2 concentrations used are summarised in Table 3.1. 
 
Figure 3.8. Optimisation of [H2O2] and [HRP] for F127-Tyr-L. The gelation time and elastic 
modulus G' (after 1 hour)  are reported (mean of triplicates ± standard error of the mean) and the 
kinetics curves (limited to the first 30 min for clarity) are shown. A) and C) Fixed [HRP] at 0.96 
U/ml B) and D) Fixed [H2O2] at 18 mM.  
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Table 3.1. Optimised H2O2 and HRP concentrations for the various tyramine based hydrogel 
compositions. The same concentrations are used in the presence of α-CD. 
Gel 
composition 
Optimal HRP 
concentration 
(U/ml) 
Optimal H2O2 
Concentration 
(mM) 
F68-Tyr-0 0.50 15 
F68-Tyr-L 0.75 22.5 
F68-Tyr-M 1.00 30 
F68-Tyr-H 1.5 45 
F127-Tyr-0 0.63 11.7 
F127-Tyr-L 0.96 18 
F127-Tyr-M 1.28 24 
F127-Tyr-H 1.92 36 
 
3.4.3 Enzymatic crosslinking and characterisation of the PR hydrogels  
 
 The threading of α-CD onto the tyramine functionalised Pluronic polymers was validated by 
following the elastic and viscous modulus over time of mixtures composed of F127-Tyr and α-CD 
at ratios defined in Chapter 2. As shown in Figure 3.9, comparing functionalised and non-
functionalised F127, the presence of tyramine does not significantly impair the PPR assembly, 
although a slower initial threading of the α-CD onto F127-Tyr was observed. The mechanical 
properties of the PPR hydrogels are not affected.  
 
Figure 3.9. Evolution of the mechanical properties as a function of time during threading of α-CD 
onto Pluronic F127 and F127-Tyr at 37 °C. Black: G', Grey" G". Continuous line: F127-α10-0 ; 
Dotted line: F127-Tyr-α10-0, before covalent crosslinking. 
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 The enzymatic crosslinking is a relatively fast process (a few minutes) compared to the 
formation of the PPRs (a few hours for the mechanical properties to reach a plateau). Sufficient 
time needs to be allowed for the PPR gels to form by threading of the α-CD onto the Pluronic 
polymers before covalently crosslinking the gels with H2O2 and HRP. In order to accommodate for 
these two very different time scales, the self-healing capacity of the PPR hydrogels was exploited. 
The PPR gels were allowed to form for 4 hours before being sheared to allow the addition and 
mixing of PEG-Tyr, HRP and H2O2. F127-Tyr-α8 does not form a gel (see Chapter 2), however, it 
was included in order to evaluate if the presence of α-CD influences the mechanical properties of 
the gels compared to the gels formed in the absence of α-CD. The frequency sweeps of the 
crosslinked gels (Figure 3.10) confirm the attainment of a frequency-independent hydrogel state.  
Figure 3.11 shows the mechanical properties of the gels crosslinked by the method described 
and containing various amounts of PEG-Tyr, α-CD and F68-Tyr or F127-Tyr. It can be seen that 
both the elastic and the loss moduli can be tuned by changing the amounts of PEG-Tyr and α-CD. 
For both F68-Tyr and F127-Tyr, increasing the ratio of PEG-Tyr led to higher mechanical 
properties of the resulting gels, both with and without α-CD. Increasing the coverage of α-CD also 
led to an increase in the elastic modulus compared to the gels with no α-CD. This increase is always 
statistically significant for coverages of 10 and 12 % compared to no α-CD. For F127-Tyr-α8, which 
did not form a gel before the addition of HRP and H2O2, an increase in elastic and viscous moduli 
was observed for the resulting gel relative to the gel in which no α-CD was present, although it is 
only significant for G". Overall, the elastic modulus G' ranges between 50 kPa and 410 kPa for F68-
Tyr-based gels and between 20 kPa and 180 kPa for F127-Tyr-based gels and the loss modulus G" 
ranges between 150 Pa and 22 kPa for F68-Tyr-based gels and between 800 Pa and 10 kPa for 
F127-Tyr-based gels. 
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Figure 3.10. Representative frequency sweep for A) F68-Tyr: Squares: F68-Tyr-α8-L, Circles: F68-
Tyr-α10-M, Triangles: F68-Tyr-α12-H and B) F127-Tyr: F127-Tyr-α8-L, Circles: F127-Tyr-α10-M, 
Triangles: F127-Tyr-α12-H at 37 °C. Strain: 0.1 %. 
 
 
 
Figure 3.11. Elastic modulus G' and loss modulus G" for F68-Tyr (A and B) and F127-Tyr (C and 
D) based hydrogels containing various amounts of α-CD and PEG-Tyr. L: one PEG-Tyr per eight 
Pluronic molecules. M: one PEG-Tyr for four Pluronic molecules. H: one PEG-Tyr for two 
Pluronic molecules. The number after the letter "α" indicates the % theoretical coverage. Mean of 
triplicates + standard error of the mean. Significance (two-way ANOVA): *: p ≤ 0.05, **: p ≤ 0.01, 
*** : p ≤ 0.001, **** p ≤ 0.0001. 
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 The creep behaviour of the hydrogels was assessed by applying a constant stress of 1000 Pa 
to the crosslinked hydrogels. Cells have been found to exert traction forces on their environment. In 
2D, the average stress exerted by a single Madin-Darby canine kidney (MDCK) cell has been 
reported to be 0.6 nN/µm2 (600 Pa), while the highest stress was found to be 3.8 ± 0.1 nN/µm2 
(3,800 Pa) 37, while human foreskin fibroblasts have been reported to exert stress values of 5.5 ± 2 
nN/µm2 (5,500 Pa). 39 In 3D, studies have found that mouse fibroblasts exert tractions in the range 
of 100 to 5,000 Pa40. Here, 1000 Pa was chosen to match the order of magnitude of stresses exerted 
by cells while being within the linear viscoelastic range of the gels. Figure 3.12 shows the creep 
behaviour of F68-Tyr hydrogels with varying amount of PEG-Tyr and α-CD. Upon increasing the 
amount of PEG-Tyr, the level of strain in the samples post creep-ringing decreases (Figure 3.12A). 
The rate of creep also decreases with increasing PEG-Tyr ratios, although the decrease is not 
statistically significant (Figure 3.12B). Increasing the amounts of α-CD leads to decreasing levels of 
strain post creep-ringing (Figure 3.12C), however, the rate of creep does not vary with varying 
amounts of α-CD. 
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Figure 3.12. Creep testing of the PR hydrogels. A) Representative creep of  PR gels  at 1000 Pa 
applied shear stress with varying amounts of PEG-Tyr: Circles: F68-Tyr-α12-L, Squares: F68-Tyr-
α12-M, Triangles: F68-Tyr-α12-H. B) Influence of PEG-Tyr on the average rate of creep. Mean of 
triplicates + standard error of the mean. C) Representative creep of  PR gels at 1000 Pa applied 
shear stress with varying amounts of α-CD: Lozenges: F68-Tyr-M, Circles: F68-Tyr-α8-M, 
Triangles: F68-Tyr-α10-M, Squares: F68-Tyr-α12-M. D) Influence of α-CD on the average rate of 
creep. Mean of triplicates + standard error of the mean. 
 
 
3.4.4 Degradation of the enzymatically crosslinked hydrogels 
 
 To evaluate the stability of the hydrogels when immersed in a solution, the wet mass of 
several hydrogel compositions was followed over time. Figure 3.13 shows the result of a 
degradation study for F68-Tyr and F127-Tyr based hydrogels that were immersed in PBS at 37 ºC. 
The PPR self-assembled hydrogels described in Chapter 2 cannot be handled and weighed like the 
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crosslinked ones due to their sensitivity to shear. However, similar size cylinders of the self-
assembled PPRs were found to degrade after 4 to 6 hours in the conditions tested (data not shown). 
It can be seen from Figure 3.13 that the end-to-end coupling of the F68-Tyr or F127-Tyr molecules 
using H2O2 and HRP within the self-assembled hydrogels increased the hydrogel lifetime to three 
days. The introduction of PEG-Tyr which creates a covalently crosslinked gel slows down the 
degradation causing the gels with the high ratio of PEG-Tyr to remain stable for 8 days. The 
evolution of the mass of the hydrogels follows the same overall pattern, but with different time 
frames depending on the composition: swelling of the hydrogels (up to 200 %) is observed in the 
first stage before a rapid mass reduction as a result of degradation occurs. The degree of swelling 
compared to the initial mass is more pronounced and statistically significant for most of the F68-
Tyr compared to the F127-Tyr based gels. Changing the PBS solution at days 3 and 6 for the gels 
still present at those time points seems to increase the degree of swelling, which is likely to 
influence the degradation process. The presence of α-CD appears to accelerate the degradation: for 
the same composition of Pluronic and PEG-Tyr, hydrogels containing α-CD are generally fully 
degraded one to two days before the hydrogels with no α-CD. A possible explanation for this effect 
is that the presence of α-CD on the Pluronic backbone renders the pseudo-polyrotaxanes more 
hydrophilic than the unthreaded Pluronic due to the presence of the hydroxyl groups on α-CD, 
increasing the local density of interactions between the polymers and water (i.e. the overall 
hydration state), and thus accelerating the rate of hydrolysis. 
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Figure 3.13. Wet mass profile of tyramine functionalised hydrogels immersed in PBS at 37 °C A) 
F68-Tyr-based hydrogels. B) F127-Tyr-based hydrogels. The last bar for each sample represents the 
last day before the sample was fully dissolved. Mean of triplicates + standard error of the mean. The 
asterisks show samples that have a mass that is statistically significant (two-way ANOVA) 
compared to the initial (Day 0) mass (p ≤ 0.05). 
 The tyramine-functionalised polymers of this study possess an ester group. To assess 
whether the degradation of the hydrogels was due to the hydrolysis of the ester group, the 
supernatant resulting from the degradation of F68-Tyr-L, F68-Tyr-M and F68-Tyr-H was dialysed 
against water to remove any small fragments before being analysed by NMR. Figure 3.14 shows the 
comparison of the degradation products of F68-Tyr-L (3.14C) with non-functionalised 8-arm PEG 
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(3.14A) and F68 (3.14B). The NMR peaks observed for the F68-Tyr-L degradation products match 
the peaks observed for the non-functionalised 8-arm PEG and F68. None of the peaks observed for 
the functionalised F68 and 8-arm PEG (Figures 3.5 and 3.6) can be observed, showing that the 
degradation occurs at the ester bond and that the degradation products are the initial unmodified 
F68 and 8-arm PEG. The evaluation of the degradation products of F68-Tyr-M and F68-Tyr-H 
yield the same result (shown in Appendix 3). 
 
 
 
Figure 3.14. 1H NMR Spectra of A) 8-arm PEG, B) F68, C) Degradation products from F68-Tyr-L. 
 
3.4.5 Model Drug release from tyramine-based gels  
 
 To assess whether the tyramine-based hydrogels could provide support for the sustained 
delivery of poorly soluble drugs, a model molecule, 6-aminofluorescein, was encapsulated within 
the hydrogels of various compositions. The release profile of the molecule is shown Figure 3.15. In 
the absence of PEG-Tyr, the release of 6-aminofluorescein was rapid (60 hours) and with a 
potentially undesirable burst release after 48 hours, after which up to 70 % of the 6-aminofluorecein 
was released within 15 hours. The addition of PEG-Tyr led to a prolonged and sustained release that 
lasted up to 15 days for F68-Tyr-based gels and 17 days for F127-Tyr-based gels. To determine 
CHAPTER 3 
 
  78 
whether the presence of cyclodextrin affects the rate of release of the 6-aminofluorescein, various 
amounts of α-CD were incorporated. For the F68-Tyr-based gels, the release profile did not differ 
between the α-CD containing hydrogels and the hydrogels without α-CD. For the F127-Tyr-based 
gels, the release was slower in the absence of α-CD (statistically different (p ≤ 0.05) for F127-Tyr-
H compared to F127-Tyr-α8-H, F127-Tyr-α10-H and F127-Tyr-α12-H between 135 and 238 hours), 
however a similar steady release was obtained both with and without the presence of α-CD. Overall, 
the covalently crosslinked tyramine-based hydrogels studied here provided a suitable platform for 
the sustained delivery of poorly soluble molecules over a period of two weeks. 
 
Figure 3.15. Release profile of 6-aminofluorescein from the hydrogels for various compositions. A) 
F68-Tyr-based hydrogels. B) F127-Tyr-based hydrogels. Mean of triplicates ± standard error of the 
mean. Lines connecting data points are provided to guide the eye. 
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3.4.6 Evaluation of α-CD cytotoxicity 
 
 The rapid degradation of self-assembled PPR hydrogels creates a burst release of α-CD. A 
study was conducted to evaluate if the concentrations of α-CD present in the gels would be toxic to 
cells if released into the cell surroundings. Solutions containing free α-CD were incubated with 
mouse fibroblasts. The highest concentration chosen was 92.4 mg/ml, the other concentrations are 
two-fold serial dilutions of this initial concentration. 92.4 mg/ml corresponds to the concentration of 
α-CD present in F127 based gels with a coverage of α-CD of 12 % (the highest coverage used). The 
lowest concentration of α-CD used in Pluronic F127 gels is 61.6 mg/ml (8 % coverage). For the 
Pluronic F68 gels, the concentrations of α-CD range between 105.6 mg/ml (12 % coverage) and 
70.4 mg/ml (8 % coverage). Figure 3.16 shows that for concentrations higher than 23.1 mg/ml, the 
cell viability of mouse fibroblasts was less than 10 %. This signifies that if all the α-CD present in 
the gels was released as free α-CD into volumes equivalent to 3 times the volume of the gel or less, 
a high level of cytotoxicity would occur, both for Pluronic F127 and F68. The levels of free α-CD 
released at a given time in the gels must therefore be minimised and kept below 11.6 mg/ml. It is 
expected that the crosslinking of the hydrogels using PEG-Tyr should act as an end-capping group 
and prevent the release of high concentrations of α-CD. 
 
Figure 3.16. Cytotoxicity of free α-CD on NIH 3T3 mouse fibroblasts measured by the MTT assay. 
Mean of triplicates ± standard error of the mean. **: p ≤ 0.01 
 
3.4.7 Cell encapsulation in the enzymatically crosslinked hydrogels 
 
 To evaluate the suitability of the covalently crosslinked gels for short term cell 
encapsulation, mouse 3T3 fibroblast were encapsulated within the hydrogels and a live/dead 
staining was performed after 24 hours. These cell culture studies were done in the absence of FBS, 
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due to the accelerated degradation of the gels when present. Figures 3.17 and 3.18 show that the 
majority of cells are alive after 24 hours for all the conditions tested. Quantification of the live and 
dead cells shows between 75 % and 83 % of live cells for all the F68-Tyr based gels and between 
70 and 90 % of live cells for F127-Tyr, with no significant difference between the gels containing 
α-CD and the gels without α-CD. Additionally, with increasing amounts of PEG-Tyr, the 
concentration of H2O2 was increased from 15 mM to 45 mM for F68-Tyr and from 11.7 to 36 mM 
for F127-Tyr  however, this increase did not lead to an increase in cell death, showing that the 
amount of H2O2 leftover in the hydrogels from the crosslinking process is below the toxic level. 
 
Figure 3.17. Live/dead staining and quantification of viability (mean of duplicates + range) of 3T3 
cells encapsulated within the F68-Tyr hydrogels after 24 hours. Live cells are shown in green, dead 
cells are shown in red/yellow.  L: one PEG-Tyr per eight Pluronic molecules. M: one PEG-Tyr for 
four Pluronic molecules. H: one PEG-Tyr for two Pluronic molecules. The number after the letter 
"α" indicates the % theoretical coverage. 
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Figure 3.18. Live/dead staining and quantification of viability (mean of duplicates + range) of 3T3 
cells encapsulated within the F127-Tyr hydrogels after 24 hours. Live cells are shown in green, 
dead cells are shown in red/yellow.  L: one PEG-Tyr per eight Pluronic molecules. M: one PEG-Tyr 
for four Pluronic molecules. H: one PEG-Tyr for two Pluronic molecules. The number after the 
letter "α" indicates the % theoretical coverage. 
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3.5 Discussion 
 
 Self-assembled PPR hydrogels present attractive features such as mild crosslinking 
conditions and self-healing properties. However, they are more sensitive to environmental cues than 
covalently crosslinked systems and can dissociate rapidly if their equilibrium state is disrupted. 
Rapid degradation of hydrogels can lead to the release of undesirable toxic degradation products. In 
the case of PPR hydrogels, upon dissociation, they can release potentially cytotoxic concentrations 
of α-CD. In order to stabilise the pseudo-polyrotaxane based hydrogels presented in Chapter 2, a 
covalent crosslinking function was introduced within the hydrogels. The method of crosslinking 
chosen is based on the coupling of two phenol moieties based on a peroxidase catalysed oxidation. 
The phenol groups were introduced at the end of the Pluronic that constitutes the backbone of the 
PPRs. Additionally, branched 8-arm PEG was functionalised with phenol end-groups and 
introduced into the hydrogels as a means of forming a crosslinked network, thus increasing its 
stability. The 8-arm PEG also serves as an end-capping group for the α-CD/Pluronic polyrotaxanes, 
preventing dethreading of the α-CD molecules from the Pluronic backbone. The phenol moieties 
were introduced into both polymers via firstly reacting the hydroxyl end group on each chain with 
succinic anhydride and thereafter adding a tyramine end group using a DCC/NHS coupling 
reaction.   
 The introduction of the covalent crosslinking successfully increased the stability of the PPR 
hydrogels. Compared to non-covalently crosslinked hydrogels that degrade after a few hours when 
immersed in PBS, the enzymatically crosslinked hydrogels lasted for up to 8 days. However, the 
method of functionalisation chosen for the coupling of tyramine to the polymers introduces an ester 
bond between the polymer backbone and the end group. The presence of this ester bond creates a 
hydrolytically degradable hydrogel network. The rate of hydrolysis of ester bonds is highly 
dependent on the surrounding chemical environment.41, 42 Moreover, the rate of degradation of an 
ester containing hydrogel depends on the number of ester groups present in the hydrogel. Hydrogels 
containing ester bonds have previously been reported with varying degradation kinetics. Polyvinyl 
alcohol based hydrogels have been shown to degrade in 12 to 44 days depending on the number of 
ester crosslinks available in the network.43 Similarly, the degradation of PEG hydrogels containing 
ester bonds has been modulated from a few hours to 6 days via changing the number of ester bond 
present in the network, as well as the local chemical composition surrounding the ester bond.44 In 
the present study, the rate of degradation can be tuned by changing the number of 8-arm PEG 
molecules present in the hydrogels, which effectively is equivalent to increasing the number of ester 
groups in the system. The hydrolytically degradable hydrogels presented here offer applications in 
areas such as drug or cell delivery, where a release spanning over a few days is desirable.  
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 Delivery systems capable of prolonging the release of drugs are of high importance, 
especially for poorly soluble drugs that might precipitate once injected, thus reducing they 
bioavailability. Hydrogels have emerged as an attractive class of delivery systems, mostly due to the 
possibility to tailor the release rate of molecules by varying the physical (e.g. crosslinking density) 
or the chemical (interactions with the drug) parameters.45  Purely self-assembled PPR systems have 
been investigated as drug release systems but the rapid dissociation of the self-assembled network 
of α-CD and PEO lead to a fast release of encapsulated dextran-FITC.1 Previous attempts to slow 
down the release of drugs from self-assembled PPR hydrogels were based on the use of a block 
copolymer with a hydrophobic component (PEO–poly[(R)-3-hydroxybutyrate]–PEO) to help 
maintain the cohesion of the hydrogels. This resulted in a slower release which lasted for around 25 
days.2 In the present study, the release of a poorly soluble molecule from the covalently crosslinked 
PR hydrogels was shown to be sustained over a period of around two weeks. The mechanism of 
release of 6-aminofluorescein from the hydrogels is likely to be due to erosion of the hydrogels 
since hydrogels degradation was observed simultaneously to the release of the molecule. Although 
it might seem contradictory that the drug release lasted for two weeks when the hydrogels were 
fully degraded after 8 days during the degradation experiment, the regular change of the PBS 
surrounding the hydrogels during the degradation study likely acted as an accelerating factor for the 
degradation when compared to the drug release study, where the same PBS solution was kept for 
the entire duration.  
As the gels degrade over the two week period, free α-CD is released in the solution. 
Cyclodextrins have been shown to be able to complex hydrophobic drugs, thus improving their 
solubility, stability and bioavailability.46 Consequently, the simultaneous release of α-CD and the 
encapsulated molecule from the gels could lead to the formation of inclusion complexes, which 
could further enhance the bioavailability of the molecule being delivered.  Further investigation is 
required to confirm such utility. 
 The hydrogels developed here can also be used for cell encapsulation: mouse 3T3 fibroblast 
cells remained viable for at least 24 hours in the tyramine hydrogels, including the hydrogels 
containing α-CD. The rapid degradation of the purely self-assembled PPR hydrogels leads to the 
release of large amounts of α-CD that is detrimental to cell viability. Although some groups have 
reported low cytotoxicity with self-assembled PPR hydrogels, the amounts of gel used were either 
very small: cells were exposed to 2 to 12 g/L of gels containing 10 % (wt.) of α-CD (the 
concentration of α-CD that could be released is 0.2 to 1.2 mg/ml) 47, which is not representative of 
an in vivo situation where the gels would be surrounded by much smaller volumes, or there was no 
information regarding the concentration of gel used48. Consequently, it is believed that these 
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conflicting results might be due to the low concentrations of gels used and that in more realistic 
situations, end-capping of the PR needs to be performed to avoid cytotoxicity.  
In this present study, the encapsulation results demonstrate that the 8-arm PEG successfully 
acts as a blocking group and prevents the release of toxic amounts of α-CD. Additionally, despite 
the seemingly high absolute concentrations of H2O2 used to crosslink the hydrogels (the highest 
concentration used here is 45 mM, while some studies have shown that a level of 5-10 mM of H2O2 
is cytotoxic for the mammalian cells49), the viability of cells encapsulated within the hydrogels 
remains high, which shows that the H2O2 is consumed rapidly during the crosslinking step. More 
important than the absolute concentration of H2O2 in the hydrogel, the ratio of H2O2 molecules to 
tyramine groups is likely to be the determinant factor in the assessment of the cytotoxicity of the 
hydrogels. Park et al.50 previously noted that the viability of  an osteoblast cell line (MC3T3-E1) 
encapsulated in hydrogels formed from enzymatically crosslinked tetronic (a 4-arm PEO-PPO block 
copolymer) was compromised when the molar ratio of tyramine to H2O2 was approximately 1:6. 
They also found that for a molar ratio of tyramine to H2O2 lower or equal to 1:1.2, the viability of 
the cells was maintained. Here, the higher molar ratio of tyramine groups to H2O2 is 1:0.75, which 
is below the threshold observed by Park et al. as being safe for cells.  Although different cell types 
have different levels of tolerance towards chemicals, this is an indication that the concentrations of 
H2O2 used here are suitable for cell encapsulation Therefore, the concentrations of H2O2 used here 
appear suitable for cell encapsulation, as long as the amount of tyramine groups to be crosslinked is 
sufficient to ensure the rapid consumption of the H2O2 molecules. 
 In addition to having tunable degradation properties, the hydrogels presented here also have 
tunable mechanical properties. In Chapter 2, it was established that the PPR hydrogels can be tuned 
by varying the type of Pluronic and the coverage of α-CD. These two parameters still act as tuning 
agents in the covalently crosslinked PR hydrogels, with an additional parameter being the amount 
of PEG-Tyr. The kinetics of gelation of the enzymatically crosslinked hydrogels is too rapid to 
allow for the whole PPR network to reform after shearing the PPR hydrogels, thus leading to 
overall lower mechanical properties than with the hydrogels formed with purely self-assembled 
PPRs, except for F127-Tyr-α8 which does not form a gel in the absence of covalent crosslinking. 
For the same α-CD coverages as the ones studied here, the purely self-assembled F68 PPR gels 
have an elastic modulus ranging between 450 kPa and 1.2 MPa (Chapter 2) while covalently 
crosslinked gels have an elastic modulus between 50 kPa and 410 kPa. For F127, the PPR gels have 
an elastic modulus between 46 kPa and 250 kPa (Chapter 2) while the covalently crosslinked gels 
range between 20 kPa and 180 kPa. The hydrogels present a high tunability by varying the amounts 
of PEG-Tyr and α-CD and although the effect of H2O2 and HRP were not specifically investigated 
on the PR gels, it is expected that the concentrations of HRP and H2O2 could also serve as tuning 
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parameters since they affect the mechanical properties of F68-Tyr-0 and F127-Tyr-0. The properties 
of the crosslinked PR hydrogels still very high compared to other published studies on covalently 
crosslinked PR containing hydrogels which only reached a G' of ~1000 Pa.25 This is most likely due 
to the fact that in the present system, the PPR network remains and its influence can still be seen on 
the mechanical properties, since the mechanical properties without α-CD present in the covalently 
crosslinked hydrogels are lower than when α-CD is present and increase with increasing α-CD 
concentration (the elastic modulus of the covalent hydrogels increases up to 5 times through the 
addition of α-CD). The creep behaviour of the gels, or time dependant deformation51, 52, which has 
been shown to influence stem cell behaviour, has also been studied. For a given α-CD coverage, 
increasing the amount of PEG-Tyr in the hydrogels leads to seemingly lower rates of creep, 
however they were not statistically different. In addition, variations in the amounts of α-CD, at 
constant F68-Tyr and PEG-Tyr, do not have a significant impact on the rate of creep. Whilst the 
order of magnitude of creep for these systems is substantial, and certainly enough to elicit changes 
in stem cell behaviours, based on previous work51, 52, the lack of change with variations in 
components is initially somewhat puzzling, especially considering the self-assembled nature of 
these systems. Creep is the time dependent deformation of a material when put under constant 
stress, and it is a function of the architecture of the system, which in turn is reflected in the relative 
ratios and magnitudes of the loss and elastic modulus. At a constant elastic modulus, increases in 
loss modulus will result in increased creep response, due to the increased dissipative architectures 
throughout the system. Although an increase in the amount of PEG-Tyr leads to an increase in the 
loss modulus G", there is also an increase in the elastic modulus. The same situation exists for 
increasing amounts of α−CD. From the results, it appears that the elastic modulus is playing a more 
dominant role in the response of the material to a constant stress. Additional tests would be required 
using rough plates to ensure that the response of the gels is not due to slip generated by the sudden 
application of a high level of stress on the gels. 
The covalently crosslinked hydrogels also present a lower sensitivity to shear and are 
therefore easier to handle. Using PPRs as precursors for the hydrogels allows us to obtain hydrogels 
with dual properties: the covalent network formed through the enzymatic crosslinking of the 
tyramine end-groups is reinforced by the presence of interactions between the α-CD molecules that 
originate from the initial PPR hydrogel formation. From a tissue engineering perspective, this 
property has the potential to generate interesting and unique cell behaviours, where cells could 
modulate their local environment by modifying the physically assembled part of the hydrogels 
through spreading and migration, while the covalent network could provide a more durable 
scaffold. It has been shown previously that remodelling of the cellular microenvironment in 
hydrogels through cell traction and degradation could influence hMSC behaviour.53 With the 
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possibility to remodel the physically associated components of the hydrogel while maintaining the 
structure of the covalent network, the PR hydrogels presented here could offer a new tool to study 
this effect and its impacts on stem cell biology. 
 
 
3.6 Conclusion 
 
 A covalent network of enzymatically crosslinked PRs has been successfully developed, 
resulting in stable and tunable hydrogels. The hydrogels are hydrolytically degradable in 2 to 8 days 
thanks to the presence of ester bonds, making them suitable for short term cell encapsulation (for 
example for cell delivery) and for sustained release of a poorly soluble molecules. The mechanical 
properties of the gels show signatures of both the crosslinked network and the self-assembled 
network since they can be tuned by changing the amounts of 8-arm PEG and α-CD, showing that 
both elements participate in the network. This dynamic double network, in which covalently bound 
PRs are still able to interact via physical bonds at the molecular level and participate in increasing 
the mechanical properties of the hydrogels, could see applications in tissue engineering where its 
distinctive properties could elicit unique cell responses. 
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4 Functional polyrotaxane hydrogels for long term hMSC culture and 
encapsulation 
 
4.1 Chapter Preface 
 
 In Chapter 3, hydrogels with polyrotaxane as precursors combined with enzymatically 
mediated covalent crosslinking have been developed. Tunable mechanical properties and 
degradation rates suitable for short term tissue engineering applications (e.g. short term cell 
encapsulation and delivery as well as drug delivery) have been obtained and the cytocompatibility 
of the hydrogels has been demonstrated. However, longer term cell encapsulation requires gels with 
slower degradation kinetics (e.g. at least 21 days for a conventional differentiation study) and 
stability in the presence of FBS. In this Chapter, a different coupling chemistry for the 
functionalisation of the polymers was investigated, whereby the ester bond in the phenol 
functionalised molecules is replaced with a carbamate bond. Additionally, the adhesive peptide 
sequence RGD was introduced into the hydrogels through crosslinking of tyrosine containing RGD 
into the covalent network.  hMSCs were then cultured using these functionalised hydrogels either in 
2D and 3D and their behaviour was assessed in terms of viability, adhesion and morphology. The 
hydrogels presented here provide a platform that can be used to tease out hMSC response to various 
environmental cues. 
 
 
4.2 Introduction 
 
 Hydrolytically degradable hydrogels present advantages in tissue engineering, due to the 
possibility to act as a temporary support as the cells remodel their environment, synthetise extra-
cellular matrix (ECM) and establish biological functions into the tissue engineered construct. Many 
hydrogel systems used for tissue engineering have been designed to incorporate a hydrolytically 
cleavable function (mostly through ester bonds) such as PEG1-3 , poly (vinyl alcohol) (PVA)4, 5, 
hyaluronic acid (HA)6 or dextran7  and the degradation and swelling properties of such hydrogels 
have been shown to influence the behaviour of encapsulated cells by changing the distribution of 
ECM molecules within the gels.8 In Chapter 3, the PR hydrogels have been covalently crosslinked 
through an enzymatic crosslinking function and possess an hydrolytically cleavable function via the 
presence of ester bonds in the network. The kinetics of degradation of these hydrogels (2 to 8 days) 
is suitable for short term applications such as drug and cell delivery. For longer term applications 
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such as stem cell tissue engineering, longer timeframes (up to months) are required in order to 
sustain biological processes such as proliferation, differentiation and eventually tissue formation. In 
this Chapter, the functionalisation chemistry is altered and the ester bonds used to introduce the 
phenol groups at the end of the polymers is changed to a carbamate (urethane) bond. Carbamate 
bonds, while still susceptible to hydrolysis, have a lesser electrophilic character than ester groups 
and hence present a chemical environment less prone to hydrolysis than esters. The rate of 
degradation of carbamates is  usually slower than esters, as seen in the degradation mechanisms of 
poly(ester)urethane polymers.9-11 It is therefore expected that this change in the chemistry of the 
hydrogels should generate a network stable over longer periods of time. 
 In addition to the degradation properties of the hydrogel, their capacity to engender specific 
interaction with cells need to be considered. Synthetic hydrogels such as polyethylene glycol (PEG) 
based hydrogels present advantages in tissue engineering over natural hydrogels due to their higher 
degree of tunability in terms of mechanical properties and control of their chemical composition and 
microscopic structure. However, PEG-based hydrogels (including Pluronic hydrogels) are bio-inert 
by nature and cannot elicit interactions between cells and the hydrogel.12 In order for the hydrogels 
to be bioactive, molecules that favour interactions between the hydrogels and the cells need to be 
incorporated within the hydrogels. Such molecules include adhesion peptides such as RGD13, whole 
or fragments of ECM proteins such as fibrin14, 15, fibronectin16, 17, laminin18-20, Collagen I and IV18, 
20, 21
 or glycosaminoglycans (GAGs) such as heparin22-24 or HA.25-30  
 The enzymatically crosslinking used in Chapter 3 is a versatile method to produce functional 
hydrogels. Peptides and proteins possessing or modified to include a tyrosine residue can be co-
crosslinked in the hydrogels using the same HRP/H2O2 mediated crosslinking process. 
Incorporation of peptides such as RGD31-35 and a peptide sequence shown to enhance endothelial 
cell adhesion (SVVYGLR)36, has been achieved previously and shown to enhance cell attachment. 
Other biomolecules such as hyaluronic acid29, 30 or fibronectin17 have also been added into PEG 
based hydrogels via this method. Here, this feature is utilised to introduce the adhesive peptide 
sequence RGD into the hydrogels and elicit interactions with hMSCs. Whilst the functionalisation 
of PEG-based hydrogels with RGD via this method has previously been reported, it has been not 
been reported with hMSCs. Moreover, the additional presence of α-CD and the unique features that 
the PRs bring to the system - e.g. high mechanical properties, micro-architecture, physical junctions 
within the covalently crosslinked hydrogel network - should induce specific cell responses.  
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4.3 Materials and Methods 
4.3.1 Materials 
 
 Pluronic F68 (PEO76PPO29PEO76, Mw = 8,400 g mol-1), α-CD, N-Hydroxysuccinimide 
(NHS), N,N'-Dicyclohexylcarbodiimide (DCC), 1,1'-carbonyldiimidazole (CDI), ethylenediamine, 
3-(4-hydroxyphenyl)propionic acid (HPA), HRP (113 U/mg), tetrahydrofuran (THF), diethyl ether, 
chlorotrimethylsilane (CTMS), (3-Aminopropyl)triethoxysilane (APTES), glutaraldehyde, p-
nitrophenol, 4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP), Vinculin Mouse IgG1 
primary antibody  were obtained from Sigma-Aldrich (St Louis, MI, USA). Phosphate Buffer 
Saline (PBS), 10x stock, diluted with milliQ water (Merck Millipore, Billerica, MA, USA),  was 
obtained from Lonza (Walkersville, USA) H2O2 (30 % solution) was obtained from Merck 
(Whitehouse Station, NJ, USA), 8-arm PEG (10,000 g mol-1 , hexaglycerol core) was obtained from 
JenKem (Allen, TX, USA), high and low glucose Dulbecco's modified Eagle medium (DMEM), 
batch tested Foetal Bovine Serum (FBS), penincillin/streptomycin, the LIVE/DEAD® Reduced 
Biohazard Cell Viability (L7013) kit, Hoechst33342 dsDNA fluorescent stain (H21492), anti-
mouse IgG Alexa Fluor 568 secondary antibody (A-11004), Phalloidin Alexa Fluor 488 conjugate 
(A12379) and PicoGreen® dsDNA quantification kit (P11496) were purchased from Life 
Technologies (Carlsbad, CA, USA). The peptide YGGRGDS was ordered from China Peptides 
(Shanghai, China). All materials were used as received without further purification. 
4.3.2 Synthesis of Pluronic and PEG functionalised with HPA 
 
HPA terminated Pluronic F68 (F68-HPA) or 8-arm PEG (PEG-HPA) were synthesized 
using the reaction scheme shown Figure 4.1 (note: only Pluronic is shown but the reaction scheme 
is identical for the 8-arm PEG). The polymer was first functionalised with an amine group 
according to the following procedure (adapted from Yang et al.37): Pluronic or PEG was dissolved 
in anhydrous THF under a nitrogen atmosphere (5 g of Pluronic in 10 ml of THF). This solution 
was then added dropwise under nitrogen to a solution of CDI (5 times molar excess to the number 
of end groups to functionalise) dissolved in 25 ml anhydrous THF. The reaction was stirred 
overnight at room temperature under nitrogen. The reaction mixture was then concentrated to 10 ml 
using a rotary evaporator and added dropwise to a solution of ethylenediamine  (200 times molar 
excess to the number of end groups to functionalise) dissolved in 10 ml of anhydrous THF with 
stirring at room temperature, under a nitrogen atmosphere. The reaction was stirred overnight, 
concentrated using a rotary evaporator and the product was precipitated using cold diethyl ether. 
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The resulting white powder was then dissolved in water, dialysed for 2 days and freeze-dried to 
obtain the amine terminated polymer. Yield: 84 % 
To obtain the HPA functionalised polymers, HPA (2.5 times molar excess to the number of 
end groups to functionalise) was first dissolved into anhydrous  THF (100 mg HPA for 50 ml THF) 
at RT under a nitrogen atmosphere. DCC and NHS were then added in a 2.5 molar excess to the 
number of HPA molecules. The reaction was stirred at room temperature for one hour before 
addition of the amine terminated polymer dissolved in anhydrous THF (1 g Pluronic in 50 ml THF). 
The reaction was left to stir at room temperature for 24 hours under a nitrogen atmosphere. The 
THF was then evaporated under vacuum and the product was precipitated with cold diethyl ether. 
The white powder was then dissolved in water and some insoluble material was seen, corresponding 
to a dicyclohexylurea salt as described above. The solution was dialysed in water for 3 days before 
being filtered to remove the insoluble material and freeze-dried. Yield: 72 % 
 
 
Figure 4.1. A) Reaction scheme for the functionalisation of Pluronic with HPA; B) Structure of 
PEG-HPA obtained through the same functionalisation reaction. 
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4.3.3 NMR 
 
 Quantitative 1H NMR (500 MHz) spectra were acquired on a Bruker Avance III HP 500 
NMR spectrometer. Spectra were recorded of the polymers dissolved in d6-DMSO and the solvent 
peak at δ = 2.50 ppm was used as the internal reference. The degree of substitution (DS) of HPA on 
the Pluronic molecules was calculated from the integral of the methyl protons resonance from the 
PPO units (δ = 1.04 ppm) and the aromatic resonances from HPA (δ = 6.97 and 6.70 ppm). For 
PEG-HPA, the ethyl protons were used (δ = 3.50 ppm). To ensure the peaks observed for HPA were 
arising from HPA covalently bound to Pluronic and PEG, pulsed gradient 1H NMR was employed 
at a gradient of 3 and 95 % and the intensity of the resonances compared to the quantitative scans 
(Appendix 4). The intensities of the methyl protons of the Pluronic polymers or ethyl protons of 
PEG compared to the aromatic protons of HPA remained unchanged in the diffusion spectra, 
showing that all the HPA groups were covalently bound to the polymer backbone with no free 
material present. 
4.3.4 Formation of hydrogels containing 8-arm PEG 
 
 Two types of gels were studied: gels without α-CD and gels containing α-CD threaded onto 
F68-HPA. The gels were formed similarly to the Tyramine functionalised hydrogels described in 
Chapter 3 : F68-HPA in PBS was mixed with PEG-HPA in various ratios, HRP and H2O2 for the 
gels that do not contain α-CD or by mixing pre-formed PPR hydrogels with PEG-HPA in various 
ratios, HRP and H2O2 for the gels that contain α-CD . The ratios of PEG-HPA used were: one PEG-
HPA molecule for eight (Low ratio, "L"), four (Medium ratio, "M") or two (High ratio, "H") 
molecules of F68-HPA. Unless otherwise stated, all the gels are covalently crosslinked through the 
phenol end groups using HRP/H2O2. The final concentration of Pluronic was 10 % (w/v) for all the 
experiments. Samples without α-CD are designated as follows: "Type of Pluronic"-"Type of end-
group"-"Letter representing the ratio of PEG-HPA to pluronic". For example, F68-HPA-L 
represents a gel composed of F68-HPA and a ratio of one PEG-HPA molecule for eight F68-HPA 
molecules. The nomenclature for the samples based on the PPR precursors is: "Type of Pluronic"-
"Type of end-group""-"α % coverage"-"Letter representing the ratio of PEG-HPA to pluronic", the 
coverage being defined as the theoretical percentage of PEO units covered by α-CD molecules, 
knowing that one α-CD molecule can cover two units of PEO (see Chapter 2). For example, F68-
HPA-α10-L represents a gel composed of F68-HPA and a ratio of one PEG-HPA molecule for eight 
F68-HPA molecules and containing enough α-CD to cover 10 % of the PEO units in F68.  
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4.3.5 Rheological analysis 
 
 The mechanical properties of the gels were measured using an AR 1500ex rheometer (TA 
Instruments, New Castle, DE, USA) with a cone (diameter: 40 mm, angle: 2°, truncature distance: 
56 µm) and plate geometry. Strain and frequency sweeps were performed to determine the 
boundaries of the linear viscoelastic region of the systems studied. Time sweeps were performed in 
triplicate for various compositions of F68-HPA, α-CD and PEG-HPA at 37 °C with a strain of 0.1 
% and a frequency of 1 Hz to determine the shear elastic (storage) modulus (G’) and viscous (loss) 
modulus (G”) of the hydrogels. The solutions were mixed as described in Section 4.3.4 and 
immediately loaded onto the rheometer. The elastic modulus G' and the viscous modulus G" 
obtained after 30 min (which allows enough time for mechanical properties to reach a plateau) are 
reported. Unpaired, two-tailed Student's t-tests were performed to determine significance between 
the different hydrogels.  
 The creep behaviour of the gels was tested in the same way as in Chapter 3: the linear 
viscoelastic regions of the gels were initially confirmed using oscillatory stress sweep tests by 
crosslinking the gels on the rheometer for 30 min as described above and then applying oscillatory 
stresses ranging from 1 Pa to 1200 Pa at a frequency of 1 Hz and a temperature of 37 oC. The creep 
behaviour was tested by crosslinking the gels for 30 min on the rheometer as described above and 
then imposing a constant stress of 1000 Pa (chosen as representative of the stress exerted by cells38-
40
 on their environment while being in the linear range of the material) to the sample for a period of 
30 min at 37 oC and measuring the resultant strain. The samples were performed in triplicates. 
Unpaired, two-tailed Student's t-tests were performed to determine significance between the 
different hydrogels. 
 
4.3.6 Degradation study 
 
 The degradation study was performed using the same protocol as in Chapter 3 in order to 
allow direct comparison of the results with the results of Chapter 3. Gels with and without α-CD 
were formed as described in Section 4.3.4 and poured into the same silicone moulds as Chapter 3 
(cylindrical shape with a diameter of  11 mm and a height of  3 mm). The gels were left to set for 30 
min at 37 °C before being extracted from the mould, weighed and put into 5 ml plastic tubes. 1 ml 
of PBS was then added on top of the gels and the tubes were incubated at 37 °C. For the first 20 
days, the PBS was removed each day and the gels were gently blotted to remove the excess PBS 
and weighed. Every 3 days, the PBS was replaced with fresh PBS to mimic cell culture conditions 
where the media is exchanged at regular intervals. After the initial 20 days, the gels were weighed 
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on day 30, 40, 50, 75 and 90 with a PBS change at each time point. The measurements stopped after 
day 90, however the gels were still present after this time point. Triplicates of each sample were 
performed. The percentage of the initial mass is reported.  
 
4.3.7 Cell culture 
 
 hMSC were obtained from Lonza (Walkersville, USA) and cultured in low glucose DMEM 
supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin and 10% batch-tested FBS.  Tissue 
culture flasks were maintained at 37 °C in 5% CO2 in an atmosphere with 95% humidity. Upon 
reaching 70-80 % confluence, the hMSCs were passaged and replated at 2000 cells/cm2. Passages 5 
and 6 were used for the experiments performed here. 
 
4.3.8 3D cell encapsulation and cytotoxicity of the hydrogels 
 
 hMSC were encapsulated at a concentration of 2 million cells/ml, The method to form the 
3D hydrogels is as follows: glass slides were hydrophobized by spreading CTMS on the surface, 
followed by thorough rinsing with distilled water. The hydrogels mixtures were prepared by 
resuspending the required number of cells in a solution composed of F68- HPA, PEG-HPA and 
HRP. H2O2 was added last as described above and 50 µl drops of the suspension were pipetted onto 
the glass slide to form hemispheres and incubated at 37 °C until the gelation was complete. For the 
gels containing α-CD, the PPR gels were first sheared and solutions of PEG-HPA and HRP were 
added to the gels before the cell suspension was added into the mixture. H2O2 was added and ca 50 
µl drops of gel were deposited onto the glass and incubated at 37 °C until the gelation was 
complete. The hydrogel hemispheres were then transferred into a 48 well plate and 500 µl of low 
glucose DMEM containing 10 % FBS was added to the wells. After 24 hours, 3 days and 7 days, a 
live/dead cell viability kit was used to stain the cells so that they could be observed as either  live 
(green) or dead (red) within the hydrogels. Z-stacked images (100 µm, 10 µm slices) were obtained 
using a Zeiss LSM710 confocal laser scanning microscope. 
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4.3.9 Introduction of RGD into the gels 
 
  In order to elicit some interactions between the hydrogels and the cells, the adhesive peptide 
sequence RGD was introduced in the gels. The sequence YGGRGD was co-crosslinked in the gels 
through the tyrosine moiety which can react in the same way than the HPA groups at the end of the 
Pluronic and 8-arm PEG. The YGGRGDS was mixed into the gel mixture (F68-HPA with or 
without α-CD, PEG-HPA and HRP) at a concentration of 3 µM before H2O2 was added. The density 
of RGD was chosen based on the paper by Frith et al.41, showing that a spacing of RGD around 30-50 nm is 
suitable for hMSC attachment. Knowing the sizes of PEG, and Pluronic (measured with DLS) and their 
concentrations in the gels, an estimate of the RGD concentration needed to obtain a spacing of RGD in this 
range was calculated. A time sweep at 37 °C, 1Hz, 0.1 % strain as well as a frequency sweep at 37 
°C, 0.1 % strain were performed to ensure that the presence of RGD did not impair the mechanical 
properties of the gels. Figure 4.2 shows a schematic of the gels containing RGD. Although it is not 
represented on the schematic, it is possible for two PEG molecules or two Pluronic molecules to react with 
each other. 
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Figure 4.2. A) Schematic of the covalently crosslinked F68 PR hydrogels containing 8-arm PEG 
and RGD; B) Structure of YGGRGDS. 
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4.3.10 2D MSC cell attachment 
 
 To form 2D surfaces with hydrogels, an adaptation of the  protocol by Tse and Engler 42 was 
used.  10 mm diameter coverslips were silinized via the following method: the coverslips were first 
plasma treated before APTES was spread on the coverslips and left for 5 min at RT. The coverslips 
were thoroughly rinsed in distilled water. A solution of 0.5 % glutaraldehyde was added onto the 
coverslips and left for 30 min. The coverslips were finally rinsed with distilled water, dried and 
exposed to UV light to sterilise them. A glass slide was made hydrophobic by  spreading CTMS on 
the surface, followed by thorough rinsing with distilled water, drying and exposure under UV light. 
To form the gels, solutions of F68-HPA or PPR precursor gels were mixed with PEG-HPA, HRP, 
RGD and H2O2. Before gelation, 20 µl drops of gels were deposited onto the CTMS surface and the 
APTES functionalised glass coverslips were positioned on top if the gel. The gels were left to set 
between the two surfaces and the coverslips attached to the gel were peeled off from the CTMS 
surface. The coverslips were the placed in a 48 well plate. The gels were rinsed with PBS for 20 
min to remove unreacted RGD (if any) prior to seeding MSCs onto the gels at a density of 5,000 
cells/cm2. It was found that using DMEM only without the addition of FBS lead to a low level of 
attachment on the RGD containing gels, which made it difficult to characterise (Appendix 5). The 
presence of FBS however did not lead to attachment on the gels that did not contain RGD but lead 
to a good level of attachment on the RGD functionalised gels. Pluronic and PEG being bio-inert 
materials, the absorption of serum proteins onto the surface should be limited and not affect cell 
attachment. Therefore FBS was added in the media at a concentration of 10 % . Pictures were taken 
after 24 hours before fixing the cells with an IX51 Olympus microscope (Tokyo, Japan). For the 
immuno-fluorescence staining, the cells were rinsed with PBS, fixed in 4% paraformaldehyde at 
room temperature for 10 minutes and permeabilised using 0.1 % (wt.) Triton X-100 for 10 minutes. 
The cells were then blocked for 1 hour with 3 % (wt.) BSA in PBS at room temperature. Alexa 
Fluor phalloidin 488 (1:500 dilution) and Hoescht (1: 5000 dilution) in 3% BSA PBS were 
incubated with the cells for 30 min at room temperature. The cells were washed with PBS and the 
cytoskeleton and cell morphology were imaged using a Zeiss LSM710 confocal laser scanning 
microscope. 
4.3.11 3D encapsulation 
 
 The behaviour of cells in 3D gels was assessed by encapsulating hMSCs at a concentration 
of 4 million cells/ml in hydrogels with or without RGD and with various compositions of F68-HPA, 
PEG-HPA,  PPR precursor gels and HRP before H2O2 was added. 50 µl of gel hemispheres were 
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formed as described in 4.3.8 and place in a 48-well plate with DMEM + 10 % FBS. After 24 hours, 
the gels were rinsed with PBS for 30 min,  the cells were fixed in 4% paraformaldehyde at room 
temperature for 30 minutes and permeabilised using 0.1 % (wt.) Triton X-100 for 20 minutes. The 
cells were then blocked for 2 hours with 3 % (wt.) BSA in PBS at room temperature. The samples 
were stained with Alexa Fluor phalloidin 488 (1:500 dilution) and Hoescht (1: 5000 dilution) in 3% 
BSA PBS for 1 hour at room temperature. The gels were washed with PBS and single plane images 
within the gels were obtained using a Zeiss LSM710 confocal laser scanning microscope. 
 
4.3.12 Differentiation study 
 
 Given the high mechanical properties of the gels, the potential of the gels to direct the cells 
towards an osteogenic lineage was assessed. For the differentiation study, hMSCs were seeded at a 
density of 15,000 cells/cm2 on the 2D RGD functionalised hydrogels formed using the method 
described in section 4.3.10 and incubated with low glucose DMEM with 10 % FBS. After 24 hours, 
the basal media was replaced with osteogenic media consisting of low-glucose DMEM with 10% 
FBS, 0.1 µM dexamethasone, 50 µM ascorbic acid, and 10 mM β-glycerophosphate. Controls with 
basal media were also performed. The media was changed every 3 days. After 7 days, the alkaline 
phosphatase (ALP) activity was determined using a pNPP assay. The coverslips supporting the 
hydrogels were transferred to a new 48-well plate to avoid background ALP activity from cells 
attached onto the TCP surrounding the coverslips. The cells were rinsed with PBS before being 
lysed with 0.1 % triton X in carbonate buffer (pH 10.2) and undergoing three freeze-thaw cycles. 
The supernatant was mixed with the pNPP substrate, left to incubate for 1 hour at 37 °C. The 
absorbance of the solution was read at 405 nm and compared to the absorbance of p-nitrophenol 
standards. Four replicates were performed per condition. Simultaneously, the DNA content of the 
supernatant was evaluated for each sample using a PicoGreen® assay: The supernatant and standard 
DNA samples were mixed with the PicoGreen reagent and incubated for 5 min. The fluorescence of 
the solutions was measured with an excitation wavelength of 485 nm and an emission wavelength 
of 516 nm. Six replicates were performed per condition. 
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4.4 Results 
4.4.1 HPA modification and enzymatic crosslinking 
 
 The NMR characterisation of the HPA-functionalised polymers confirmed the successful 
introduction of HPA groups (Figures 4.3 and 4.4). The quantification using the aromatic protons of 
HPA and the methyl group of Pluronic as well as the known molecular structures (29 methyl groups 
per molecule) allowed determination of the degree of functionalisation. The degree of 
functionalisation was found to be between 82 % and 98 % (1.64 to 1.96 arm functionalised / F68 
molecule), depending on batch-to-batch variation. For clarity, the degree of functionalisation used 
for each experiment will be stated in the relevant sections. For PEG-HPA, the ethyl group and the 
known molecular structure (882 protons for the peak at 3.50 ppm) were used to determine the 
degree of functionalisation, found to be 51 % (± 4), which is equivalent to 4 out of 8 arms 
functionalised per molecule on average.  
 
 
Figure 4.3. 1H NMR spectra of F68-HPA. Peaks 4 (87H) and 12,13 (4H each) were used to 
quantify the degree of functionalisation. 
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Figure 4.4. 1H NMR spectra of PEG-HPA. Peaks 1, 1' (882H) and 12, 13 (16H each) were used to 
quantify the degree of functionalisation of the polymer. 
 
 For the HPA-functionalised polymers, the optimal concentrations found for the tyramine-
based gels were used but scaled down to accommodate the lower degree of functionalisation of the 
8-arm PEG (4 functionalised arms instead of 8 functionalised arms for tyramine). To ensure 
sufficient amounts of HRP and H2O2 for the various degrees of functionalisation of F68-HPA, the 
concentrations of HRP and H2O2 were based on the highest degree of functionalisation of 98 %. 
The HRP and H2O2 concentrations used for crosslinking of the HPA-based hydrogels are 
summarised in Table 4.1. 
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Table 4.1. H2O2 and HRP concentrations used for the various HPA functionalised hydrogel  
compositions. The same concentrations are used in the presence of α-CD. 
 
Gel 
composition 
Optimal HRP 
concentration 
(U/ml) 
Optimal H2O2 
Concentration 
(mM) 
F68-HPA-0 0.50 15 
F68-HPA-L 0.63 19 
F68-HPA-M 0.75 23 
F68-HPA-H 1.00 30 
 
4.4.2 Degradation of the HPA-based hydrogels 
 
 
 In order to evaluate the relative stability of gels incorporating an ester bond compared to a 
carbamate bond, a degradation study was performed with the HPA-modified polymers, using the 
same protocol as that used for the tyramine-based gels (Chapter 3). F68-HPA with a degree of 
functionalisation of 98 % was used here. Figure 4.5 shows the wet mass profile of the F68-HPA-
based hydrogels for various compositions of PEG-HPA and α-CD.  Some swelling was observed for 
all the gels (120 to 180 % of the initial weight), with a more pronounced degree of swelling for the 
gels containing α-CD (Significant (p ≤ 0.005) every day when comparing gels with and without α-
CD for the same composition of 8-arm PEG). Increasing the amount of PEG-HPA was found to 
reduce the degree of swelling (Significant difference between the gels with the low ratio of PEG 
compared to the medium and high ratios every day and for most days when comparing F68-HPA-
α10-M and F68-HPA-α10-H). Overall, all the gels tested were found to be stable for at least 90 days. 
Although the other batches of F68-HPA have a lower degree of functionalisation, it is not expected 
to affect significantly the stability of the gels, especially for the highest ratios of PEG-HPA since 
the number of junctions in the gels should remain sufficient to ensure the stability of the gels for the 
same period of time. Indeed, a Pluronic F127-HPA based system with a degree of functionalisation 
of 50 % was investigated separately and after 90 days, F127-HPA-H and F127-HPA-α10-H still had 
about 75 % of their initial mass remaining (Appendix 6). Therefore, it is expected that even when 
using F68-HPA with a degree of functionalisation of 82 %, the stability of F68-HPA based gels 
should not be significantly impacted over the timeframes studied here. The HPA-based hydrogels 
were also found to be stable in DMEM culture media in the presence of FBS (data not shown), 
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which was not the case for the tyramine-based hydrogels. To minimise the degree of swelling of the 
hydrogels (which can impact on the mechanical properties), the hydrogels with the highest ratio of 
PEG-HPA were used in the rest of the study. 
 
Figure 4.5. Wet mass profile of F68-HPA based hydrogels. Samples were measured up to day 90, 
however, the hydrogels were still intact after this time point. Mean of triplicates + standard error of 
the mean. * : p ≤ 0.05 
 
4.4.3 Mechanical properties of the HPA-functionalised hydrogels 
 
 The mechanical properties of the HPA based hydrogels were determined using rheometry. 
Figure 4.6 shows the elastic and viscous modulus as well as the creep behaviour of the gels for 
various compositions. F68-HPA with a degree of functionalisation of 82 % was used here. The 
amount of PEG-HPA remained constant at the highest ratio and the influence of α-CD on the 
hydrogel properties was determined. Frequency sweeps (Figure 4.6D) confirm the attainment of a 
frequency independent hydrogel state for the systems studied. It can be seen that overall, the HPA 
hydrogels have lower mechanical properties than the tyramine functionalised hydrogels: F68-Tyr 
hydrogels had an elastic modulus ranging between 82 ± 9 kPa and 411 ± 28 kPa as the amount of α-
CD was increased for the high ratio of PEG-Tyr while the elastic modulus for the HPA hydrogels 
ranges between 67 ± 3 kPa and 187 ± 32 kPa for the same conditions. This is attributed to the lower 
degree of functionalisation of the HPA-polymers compared to the tyramine-polymers, which 
diminishes the number of crosslinked junctions in the gels. The HPA gels show a high tunability 
with varying amounts of α-CD, similar to what was observed with the tyramine gels. Similar to 
what was observed for the tyramine gels, the HPA hydrogels exhibit a creep behaviour in levels 
susceptible to provoke changes in stem cell behaviour43, 44. However, as with the tyramine 
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hydrogels, changes in α-CD concentrations do not lead to significant changes in the rate of creep. 
To study the influence of the mechanical properties on hMSCs, the following gels are chosen: F68-
HPA-H as a control containing no PR (G': 67 ± 3 kPa), F68-HPA-α8-H (78 ± 14 kPa) as a hydrogel 
containing PRs with mechanical properties comparable to F68-HPA-H and F68-HPA-α12-H as a 
system with significantly higher mechanical properties than the other two systems (G' : 187 ± 32 
kPa).  
 
 
Figure 4.6. Rheological study of the F68-HPA based hydrogels. A) Elastic Modulus G', B) Viscous 
modulus G", C) Rate of creep D) Frequency sweeps: G" in black, G" in Grey. Circles: F68-HPA-H, 
Triangles (pointing up) : F68-HPA-α8-H, Squares: F68-HPA-α10-H, Triangles (pointing down): 
F68-HPA-α12-H. Mean of triplicates + standard error of the mean for A, B and C. * : p ≤ 0.05, **: p 
≤ 0.01 
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4.4.4 Cell encapsulation in HPA-based gels 
 
 The higher stability (e.g. no mass loss evident for 90 days, and stability in the presence of 
FBS) of the HPA-based hydrogels (82 % functionalisation for F68-HPA) allowed a long-term cell 
encapsulation study to be performed. Figure 4.7 shows live/dead imaging of hMSCs encapsulated in 
hydrogels of various compositions for 1, 3 and 7 days. It can be seen that the presence of α-CD does 
not affect the cell viability for any of the time points studied as the levels of live and dead cells are 
comparable to hydrogels that do not contain α-CD with 74 to 86 % of viable cells and similar levels 
of cell viability between the different days and between the presence or absence of α-CD (Figure 
4.8). These results also reiterate the fact that H2O2 does not cause a high cytotoxicity during the 
crosslinking process and that if unreacted H2O2 is present in the gels after the crosslinking, it is at a 
level that does not jeopardize cell viability. Similar results were also obtained with 3T3 mouse 
fibroblasts (Appendix 7). 
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Figure 4.7. Live/dead staining of hMSCs encapsulated in F68-HPA-based hydrogels with various 
compositions after 1 day, 3 days and 7 days. Live cells are shown in green, dead cells are shown in 
red/yellow. 
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Figure 4.8. Quantification of viable cells in the gels after 1, 3 and 7 days based on the live/dead 
staining of the cells. Mean of two replicates, the error bar shows the range. 
 
4.4.5 Adhesion and morphology of hMSCs in 2D 
 
 The versatile nature of the enzymatically mediated crosslinking allows for incorporation of 
tyrosine-containing peptides within the hydrogels in a one-step process. The crosslinking of RGD in 
the hydrogels does not affect the gelation behaviour of the hydrogels: similar gelation times are 
achieved with F68-HPA-H and F68-HPA-H with RGD (Figure 4.9A) (82 % functionalisation for 
F68-HPA) and the final mechanical properties of the RGD containing hydrogels are within the same 
range as the gels without RGD (Figure 4.9B). 
 
Figure 4.9. Time sweep (0.1 % strain, 1 Hz frequency) (A) and Frequency sweep (0.1 % strain) (B) 
at 37 °C  of F68-HPA-H without (Circles) and with (triangles) RGD present in the gels. 
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 The presence of RGD in the gels elicit a response from hMSCs: on F68-HPA-H, F68-HPA-
α8-H and F68-HPA-α12-H no cell attachment can be observed when no RGD is crosslinked in the 
gels (Figure 4.10). This first observation confirms the bio-inert nature of the gels, even in the 
presence of FBS, and that no serum protein is absorbed onto the gels. When RGD is crosslinked 
into the hydrogels, a high level of attachment is observed for the three systems, widespread across 
the whole gel surface (Figure 4.10).  
 
Figure 4.10. hMSCs attachment onto non-functionalised and RGD functionalised hydrogels after 
24 hours. Scale bar: 200 µm 
 
 Immunofluorescence staining (Figure 4.11) of the actin fibres reveals a well organised 
cytoskeleton for the three gels. The cells however are not as spread as with the TCP control and 
present a more elongated shape. Whilst single cells were present for all the gels, the cells on all 
three hydrogels had a tendency to form clusters, with the highest number of large aggregates (10-30 
cells) being found on the stiffest substrate F68-HPA-α12-H. The cell area was found to be 
significantly larger on F68-HPA-α8-H compared to the other two hydrogels (Figure 4.11E).  
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Figure 4.11. Immunofluorescence staining of hMSCs attachment onto the hydrogels for 24 hours 
(Scale bar: 100 µm). Green: Actin, Blue: nucleus. A) TCP Control, B) F68-HPA-H, C) F68-HPA-
α8-H, D) F68-HPA-α12-H, E) Cell area quantification based on 5 pictures per gel in different 
locations (40 to 90 cells depending on the sample). Mean ± standard error of the mean. **: p ≤ 0.01; 
***: p ≤ 0.001.  
4.4.6 Cell morphology in 3D 
  
 hMSCs encapsulated in the hydrogels for 24 hours displayed a rounded morphology for both 
the hydrogels containing RGD and the ones without RGD (Figure 4.12). The cell area did not show 
significant differences between the RGD and non RGD functionalised hydrogels (Figure 4.13). This 
suggests that the cells might not be able to access the RGD moeities in the 3D environment as well 
as in 2D. The cell spread area was significantly smaller for F68-HPA-α12-H compared to F68-HPA-
H (with and without RGD). 
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Figure 4.12. Morphology of hMSCs encapsulated within the hydrogels for 24 hours.  
Scale bar 50 µm. Green: actin, blue: nucleus 
 
Figure 4.13. Quantification of hMSC projected cell area encapsulated within the hydrogels for 24 
hours.  Mean + standard error of the mean. n = 25 to 90 cells depending on the sample. ** : p ≤ 0.01 
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4.4.7 Differentiation in 2D 
 
 Stiff 2D substrates (elastic modulus in the range of 25-40 kPa) have been shown to direct 
hMSC differentiation towards an osteogenic lineage.45 The mechanical properties of the hydrogels 
used here (70 kPa to 190 kPa) could therefore encourage osteogenic differentiation  if presented 
with the right ligand.18 RGD is an ubiquitous peptide sequence present in a number of ECM 
molecules including fibronectin, which has been found to be one of the ECM molecules that 
enhances osteogenic differentiation in combination with substrate stiffness.18 The cells initially 
attached onto the hydrogels (82 % functionalised F68-HPA was used here), as seen in the adhesion 
study. However, after 3 days, cell spheroids started to form on all the gels (Figure 4.14), both in the 
basal and osteogenic media, with a more marked tendency for aggregation on the PR hydrogels. 
The spheroids remained attached on the hydrogels for the 7 days of the experiments and the ALP 
activity of the cells was assessed using a pNPP assay (Figure 4.15).  Although the levels of ALP 
activity for the cells cultured on the hydrogels are lower than for the TCP controls, there is a 
significant increase of the ALP activity between the cells cultured in osteogenic media compared to 
the basal media, showing that the hydrogels do not inhibit osteogenic differentiation under 
osteogenic conditions. The fold increase in the ALP activity between the basal and osteogenic 
conditions is 2.3 for TCP, 2.8 for F68-HPA-H, 2.1 for F68-HPA-α8-H and 5.1 for F68-HPA-α12-H, 
which suggests that F68-HPA-α12-H might enhance the cell response to osteogenic soluble factors. 
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Figure 4.14. Cell spheroids formed after 3 days on the RGD functionalised hydrogel surfaces with 
basal media. The same effect was observed in osteogenic media. A) F68-HPA-H B) F68-HPA-α8-H 
C) F68-HPA-α12-H D) Detail of a cell cluster showing adhesion to the hydrogel surface, here for 
F68-HPA-H but the same observations could be made for the other hydrogels. Scale bar 200 µm. 
 
Figure 4.15. ALP activity of hMSCs cultured onto the hydrogels with and without osteogenic 
media. Mean of 6 replicates + standard error of the mean. The asterisks indicate statistical 
significance between the basal and osteogenic conditions. *: p ≤ 0.05; **: p ≤ 0.01, ***: p ≤ 0.001. 
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4.5 Discussion 
 
 Covalently crosslinked PR hydrogels with enhanced stability have been produced by 
coupling phenol groups onto the Pluronic backbone of the PRs and by adding a branched phenol 
functionalised PEG molecule into the hydrogel network. A simple change in the functionalisation 
chemistry, using a carbamate linkage rather than an ester linkage, allowed to maintain the hydrogel 
mass for a minimum of 90 days. Carbamates are still susceptible to degradation, however they have 
a lesser electrophilic character than esters, which makes them more resistant to hydrolysis. This 
feature proved to be sufficient to significantly lower the degradation kinetics of the hydrogels and 
make them suitable for long term applications. The degree of swelling of the hydrogels could be 
controlled and minimised by increasing the number of crosslinks in the gels through increasing the 
amount of PEG-HPA present in the gels.  
 The hydrogels showed mechanical properties tunable with the amount of α-CD. The PEG 
ratio was limited to the highest one in order to minimise the swelling during the cell experiments, 
which resulted in high mechanical properties (in a tissue engineering context where hydrogels with 
an elastic modulus of 40 kPa are usually considered "stiff") with an elastic modulus between 67 ± 3 
kPa and 187 ± 32 kPa. Despite the fact that it was  not investigated specifically with the HPA 
functionalised hydrogels, it is expected that varying the PEG ratio would also change the 
mechanical properties, similar to what was observed in Chapter 3 with the tyramine functionalised 
hydrogels. Additionally, the amounts of HRP and H2O2 also affect the gel properties as shown is 
Chapter 3 and therefore would provide a third way to modulate the mechanical properties and finely 
tune them to the desired application. The effect of α-CD on the mechanical properties of the 
hydrogels reiterates that the physical junctions between the PRs must participate in the cohesion of 
the gels since there is almost a three-fold increase in the G' between F68-HPA-H and F68-HPA-α12-
H. 
 Thanks to their higher resilience to degradation, cells could be encapsulated in the HPA 
functionalised hydrogels for longer timeframes than the tyramine functionalised hydrogels in the 
presence of FBS. A cell viability of ca 80 % was maintained in all the gels for 7 days, 
demonstrating that the presence of α-CD does not cause cytotoxicity to the cells and that the levels 
of H2O2 present during and after the crosslinking process are not detrimental to cell viability. A 
study by Nuttelman et al.46 showed that cells encapsulated in unmodified PEG diacrylate hydrogels have a 
15 % viability after one week in culture. The discrepancy between this work and the work in the thesis could 
possibly come from the fact that Nuttelman et al. used very high cell density in their hydrogels (25 million 
cells/cm2) compared to the one used in this thesis (2 million cells/cm2). This high cell density could lead to 
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limited supply of nutrients to the cells, which might become more vulnerable to starvation and harsh 
conditions in the absence of adhesion to the matrix. 
 The incorporation of RGD in the hydrogels successfully led to attachment of hMSCs onto 
the hydrogel surfaces both for the gels with and without the PR precursors. RGD was used as a 
proof of concept, however, other peptide or proteins containing a tyrosine group could be 
introduced into the hydrogels in a similar manner. The spreading area of the cells was lesser on the 
hydrogels than on TCP. However, the cytoskeleton showed structured actin fibres on all hydrogels. 
F68-HPA-α8-H lead to the widest cell area compared to both F68-HPA-H and F68-HPA-α12-H. It 
has been shown that hMSC cell area increases with increasing elastic modulus45, 47 as well as with 
increasing loss modulus.43 Here, this trend is only observed between F68-HPA-H and F68-HPA-α8-
H but not between F68-HPA-α8-H and F68-HPA-α12-H. The smaller cell area observed for F68-
HPA-α12-H compared to F68-HPA-α8-H despite the higher mechanical properties of F68-HPA-α12-
H could be due to the higher level of clustering seen on the F68-HPA-α12-H gel, which reduces the 
levels of interactions between the cells-substrate in favour of cell-cell interactions. The cells on all 
the hydrogels had a tendency to form clusters, especially on the F68-HPA-α12-H surfaces, which 
was further highlighted by the formation of spheroids in both basal and osteogenic media after three 
days in culture during the differentiation study. This indicates that although the cells show affinity 
for the hydrogels via the adhesive peptide motif RGD, this initial binding is not sufficient to 
maintain prolonged interactions and the cell-cell interactions are preferred to cell-substrate 
interactions after a few days in culture. A possible reason for this phenomenon is that the RGD 
peptides might not be sufficient to create durable interactions between the cells and the hydrogels or 
that their presentation, known to influence cell adhesion41, 48, might not be optimal. Several 
integrins, a major family of cell-adhesion receptors that play a dominant role in cell adhesion and 
spreading through focal adhesion assembly and cytoskeletal remodeling, are known to recognise 
RGD.49, 50 The integrin profile expressed by cells bound to different peptides has been shown to 
influence cell attachment, morphology and differentiation.51 Moreover, different integrins have 
been shown to be involved in different cell-substrate events such as adhesion strength for α5β1 and 
mechanotransduction for αvβ3.52  The study of which integrins are involved in the recognition of the 
RGD bound to the hydrogels could provide some clues as to how why the cell-cell interactions are 
preferred to cell-substrate interactions after the initial attachment.  The spheroids remained attached 
to the gels, showing that some interactions between the cells and the hydrogels were still maintained 
after the formation of spheroids. While the formation of spheroids is not ideal when studying cell-
substrate interactions, some evidence suggests that the formation of 3D aggregates enhances the 
expression of stemness markers53 and the differentiation potential of hMSC into adipogenic54, 
chondrogenic53 and osteogenic54, 55 lineages compared to a 2D monolayer culture. Although 
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exposure of the cells cultured on the hydrogels to osteogenic differentiation conditions did not lead 
to higher ALP activity compared the TCP, the hydrogels were still permissive of osteogenic 
differentiation under osteogenic culture conditions compared to the cells cultured in basal media 
and the hydrogels with the highest α-CD content (and highest mechanical properties) lead to the 
biggest fold increase between the basal and osteogenic conditions. Further analysis would be 
needed to determine whether the formation of spheroids on the hydrogel surfaces helps maintaining 
stemness characteristics and whether differentiation into other lineages is possible.  
 In 3D, the cells kept a rounded morphology in the RGD functionalised hydrogels after 24 
hours and no evidence of extended filopodia could be observed. It has previously been shown that 
the presentation of RGD peptides in a 3D environment had an influence on cell survival.48 The best 
survival outcome was observed with a RGD possessing a spacer arm (CGGGGGGGGRGDSG) and 
was attributed to the fact that the spacer reduces the steric hindrances thus increasing the possibility 
of integrin–ligand interaction. A similar effect might be at play here and the spacing between RGD 
and the hydrogel backbone might not be sufficient to elicit spreading of the cells and interactions 
with the hydrogels. Despite the rounded morphology on the cells, the hydrogels could still influence 
their differentiation outcome: indeed, it has been shown that rounded cells in a PEG-HA-pentosan 
polysulphate hydrogel could still undergo chondrogenic differentiation.29 Thus, a differentiation 
study in 3D could provide valuable information regarding the interactions between the cells and the 
hydrogels and the influence of the various hydrogel components on stem cell differentiation. 
 Overall, the PR hydrogels developed in this chapter have been further improved in terms of 
stability for tissue engineering applications, show tunable mechanical properties and have been 
successfully functionalised to elicit interactions with hMSCs. 
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4.6 Conclusion 
 
 In this Chapter, the stability of the crosslinked PR hydrogels has been further improved by 
replacing the ester linkages by carbamate bonds in the hydrogel networks previously developed in 
Chapter 3. Hydrogels stable for at least 90 days have been obtained and hMSCs could be 
successfully cultured for at  least 7 days within the hydrogels without jeopardising their viability. 
The use of the PRs as precursor gels allows to obtain higher mechanical properties compared to the 
gels that do not contain PRs. Functionalisation with RGD, which served as a proof of concept of the  
encouraged hMSC attachment and spreading in 2D after 24 hours, however, spheroid formation on 
the hydrogel surfaces was observed for longer timeframes. Additional characterisation would be 
required in order to understand the driving mechanisms behind this aggregation behaviour. The 
hydrogels supported osteogenic differentiation with the highest response being observed for the 
hydrogel with the highest α-CD content. Throughout this chapter, it has been demonstrated that 
unlike the purely self-assembled PPR hydrogels,  the PR hydrogels developed here are now suitable 
for extended stem cell culture, can be functionalised with peptides and offer the possibility to serve 
as a platform to probe mechanisms behind stem cell adhesion and differentiation. 
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5 Conclusions and future directions 
 
 This thesis expanded the knowledge of self-assembled PR hydrogels and investigated their 
use as a biomaterial.  Chapter 2 laid the foundations for the use of self-assembled PPR hydrogels in 
tissue engineering applications by systematically studying the influence of various parameters on 
their mechanical properties and establishing the micro-structure responsible for these macroscopic 
features. In Chapter 3, the inherent property of these self-assembled hydrogels to dissociate rapidly 
was overcome by introducing a covalent crosslinking function into the hydrogels, which lead to 
hydrogels with tunable mechanical and degradable properties while being suitable for cell 
encapsulation and drug delivery. This concept was further improved in Chapter 4 by tweaking the 
chemistry of the hydrogels to produce hydrogels for long term cell culture. The viability of hMSC 
as well as their capacity to interact with the hydrogels via introduction of the adhesive peptide 
sequence RGD was also investigated to validate the potential of these PR hydrogels as a 
biomaterial. The outcomes of this thesis and their implications for the development of novel 
hydrogels as biomaterials for TE applications are outlined below as well as possible future avenues 
of investigation arising from this work. 
5.1 Concluding remarks 
5.1.1 Uncovering the viscoelastic properties and mechanism of gelation of PPR hydrogels 
 
 In Chapter 2, the conditions for PPR hydrogel formation from Pluronic and α-CD were 
investigated and the influence of the type and concentration of Pluronic, concentration of α-CD and 
temperature on the hydrogel properties was determined. The micro-architecture of the gels 
responsible for this behaviour was investigated using DLS and SAXS. The highlights from this 
chapter are summarised below: 
 PPR hydrogels can be formed between α-CD and Pluronic F68 and F127 at concentrations 
of 10 % (w/v) and 20 % (w/v) when a sufficient amount of α-CD is present. 
 The hydrogels obtained by this method are highly tunable in terms of gelation kinetics (a 
few minutes to a few hours) and mechanical properties (elastic modulus ranging between 1 
kPa to 7 MPa). The high values of the mechanical properties obtained had not been reported 
previously. 
 α-CD interferes with the thermogelation of Pluronic F127 20 % (w/v) when present in low 
amounts in the solution. 
 Contrary to previously considered mechanisms, this work showed conclusively that the 
mechanism of gelation involves threading of pre-existing α-CD aggregates onto the 
Pluronic backbone to form the PPRs followed by further assembly of the PPRs into larger 
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size clusters. The threading of α-CD onto Pluronic in micellar systems affects the micellar 
entanglement, which in turns impairs the thermogelation of Pluronic F127 20 % (w/v). 
 
Overall, this investigation showed some promising features in self-assembled PPR hydrogels such 
as a unique architecture encompassing several levels of self-assembly, resulting in highly tunable 
systems. 
 
5.1.2 From self-assembled to covalently crosslinked: PPR hydrogels as precursors for enzyme 
mediated crosslinking. 
 
 Building up on the knowledge about the self-assembled PPR systems, an enzymatically 
mediated covalent crosslinking function and a branched 8-arm PEG were introduced into the 
hydrogel to overcome the fast disassembly of the PPR hydrogels under cell culture conditions. The 
crosslinking mechanism is based on coupling of phenol groups using HRP and H2O2. The phenol 
groups were added onto the Pluronic backbone of the PPRs and onto the 8-arm PEG in a two-step 
reaction that introduced a hydrolytically cleavable ester bond into the hydrogel network. The 8-arm 
PEG also acts as an end-capping group, thus leading to the formation of PRs. The main findings 
from this Chapter are: 
 Phenol terminated Pluronic still assembles with α-CD to form PPR hydrogels. 
 The covalent crosslinking can be performed after the self-assembled PPR hydrogels are 
formed, by shearing the PPR hydrogels and mixing the resulting product with the 
crosslinking agents HRP and H2O2 and 8-arm PEG.  
 The elastic modulus can be tuned between 20 kPa and 410 kPa and the viscous modulus can 
be varied between 150 Pa and 22 kPa by changing the type of Pluronic, the amount of 8-arm 
PEG present in the gels and the concentration of α-CD. Additionally, while the effect of 
H2O2 and HRP was only studied on hydrogels that did not contain PPRs, it is expected that 
another level of tunability could be obtained by varying the concentrations of H2O2 and 
HRP. 
 The fact that the presence and amount of α-CD influences in the tunability of the hydrogels 
shows that that PPR precursor gels participate in the mechanical properties of the gels and 
that physical junctions between the PPRs are likely to be present. 
 The stability of the covalently crosslinked PR hydrogels is significantly increased compared 
to the purely self-assembled PPR systems, extending it from a few hours with the PPRs 
hydrogels to up to 8 days with the crosslinked PRs, with a range of degradation rates 
attainable in between by changing the amount of 8-arm PEG in the system. 
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 The newly developed crosslinked PR hydrogels result in slow release of a model drug and 
hence have the potential to be used as a drug delivery vehicle. 
 The potential cytotoxicity of free α-CD being released from the gels is successfully avoided 
thanks to the covalent crosslinking with 8-arm PEG, which acts as an end-capping group. 
3T3 mouse fibroblast cells remain viable during encapsulation in the hydrogel, illustrating 
that the levels of H2O2 present during and after the encapsulation process are not detrimental 
to cell viability and that no toxic levels of free α-CD are released from the hydrogels. 
This new hydrogel platform possesses interesting features that make them good candidates for cell 
and drug delivery. 
5.1.3 Covalently crosslinked PR hydrogels as a platform for hMSC culture 
 
In Chapter 4, the stability of the PR hydrogels made in Chapter 3 was further improved by 
changing the chemistry of the phenol functionalisation process and the adhesion peptide RGD was 
successfully introduced to enhance interactions between hMSCs and the hydrogels. The following 
conclusions can be made from this study: 
 The change from a carbamate bond to an ester bond in the process of functionalisation with 
the phenol groups significantly improved the stability of the hydrogels, going from 2-8 days 
with the ester to at least 90 days with the carbamate linkage. 
 The amount of 8-arm PEG present in the system influences the degree of swelling of the 
hydrogels. 
 The mechanical properties of the new covalent PR hydrogels can still be tuned (G’ between 
70 and 190 kPa) with the amount of α-CD and whilst this has not been specifically 
investigated, it is expected that 8-arm PEG, H2O2 and HRP can also be used to modify the 
mechanical properties. 
 hMSC could be successfully encapsulated in the hydrogels with maintenance of viability 
for at least 7 days in the absence of any ligands in the hydrogels. 
 The adhesive peptide RGD can be successfully introduced into the hydrogels and encourage 
hMSC attachment on 2D hydrogel surfaces. 
 A preliminary osteogenic differentiation study showed that the hydrogels were permissive 
of osteogenic differentiation under osteogenic conditions. 
The PR hydrogels developed in this chapter possess key features that make them suitable for stem 
cell culture and encapsulation: stability under physiological conditions, tunable mechanical 
properties, possibility to insert biologically relevant ligands into the gels and ability to provoke 
interactions between the cells and the hydrogels. 
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5.2 Future directions 
5.2.1 Unveiling the influence of the micro-architecture of PR hydrogels on hMSC behaviour. 
 
 Because of their dual physical and covalent nature, the PR hydrogels developed in this thesis 
could have the potential to elicit unique responses from cells in terms of attachment, migration and 
possibly differentiation. Indeed, although the covalent bonds provided by the enzymatically 
crosslinked network serves as a long-term structural support for the cells, the physical junctions 
between the PRs could possibly be ruptured by the cells and reformed by a process of self-healing 
as the cells attach and migrate on or through the hydrogels. To verify this possibility, time lapse 
imaging could be used to observe cell migration on or in the hydrogels. Additionally, establishing 
the profile of integrins involved with the recognition of the ligands present in the hydrogels could 
provide insightful information as to how the cells are interacting with the hydrogels and if the mode 
of interaction differs from simple conventional covalent systems. 
5.2.2 Moving from static to mobile ligands: functionalisation of the PRs and incorporation into the 
hydrogels 
 
 The conventional method of introduction of peptides, ECM molecules or other ligands into 
PEG based hydrogels is through the covalent crosslinking with hydrogel components that possess 
chemical handles such as carboxylic, amine, thiol, azide, vinyl sulfone or acrylate groups1 or, as 
used in this thesis with RGD, through the co-crosslinking of tyrosine containing peptides into the 
hydrogels. Whilst this method yields hydrogels capable of interacting with cells, this method 
restricts the movement of the ligands and confines them to their anchorage point, which might limit 
their accessibility to the cells. PRs could offer an attractive solution to this issue. In PRs, the 
rotational and translational spatial mobility of the CDs threaded onto the polymer backbone and the 
possibility to functionalise the CDs via their modification of the hydroxyl groups on the rim on the 
CDs could be used to form more spatially flexible ligand-presenting systems. It has been 
hypothesized that the mobility of the α-CD on the polymer backbone could enhance interactions 
between the ligands and the cells. This has been demonstrated in drug delivery applications.2, 3 In 
tissue engineering, the influence of the mobility of RGD peptides attached to a PR surface has been 
shown to influence cell attachment and favour a faster binding of human umbilical vein endothelial 
cells (HUVECs) to the surface compared to a surface with RGD bound directly onto a polymer.4 
This study highlights the fact that molecular mobility is an important factor to consider when 
looking at cell behaviour and could potentially affect stem cell behaviour. However, to this date, no 
study has looked at the influence of ligand mobility on stem cell behaviour in 2D or in 3D.  
 Many challenges arise when introducing ligands on polyrotaxanes. The introduction of the 
ligands must be done in a way that will not disrupt the threading process: the modification of the 
CHAPTER 5 
 
  126 
hydroxyl groups on CD prior to PR formation can interfere with the formation of hydrogen bonds 
between the CD molecules which is one of the driving forces in the inclusion complex formation. 
Therefore, post-threading functionalisation is preferable.5 In order to prevent the dethreading of the 
functionalised ligands, the polyrotaxanes should be end-capped with bulky end groups. The end-
capping reaction must be fast in order to ensure that the CDs remain threaded during the end-
capping process and should avoid cross-reactions with the chemical groups present on the CDs. The 
end-capping will also ensure that a precise and known number of functional groups remain present 
at all times, which is important information when comparing cell binding to the ligands in a tissue 
engineering context. Finally, the functionalised PRs should possess a feature that allows them to be 
readily incorporated on a surface or into a hydrogel.  
 To insert PRs into the hydrogels developed in this thesis, a possible route would be to form 
azidated PRs using azide-modified α-CD and end-cap the molecule with a N-Carbobenzyloxy-L-
tyrosine group (Z-Tyr-OH).6, 7 The Z-Tyr-OH group acts as a stopper at the end of the PR and 
possesses a phenol moiety that would readily be co-crosslinked into the hydrogels developed in this 
thesis using the same enzymatic mediated crosslinking mechanism. The azidated-CDs would allow 
for functionalisation with alkyne-modified peptides, proteins or ECM molecules via a copper  
catalysed click azide-alkyne Huisgen cycloaddition while avoiding cross-reaction in other parts of 
the hydrogel. With this method, a hydrogel presenting mobile ligands could be produced and its 
effect on cell behaviour could be analysed. 
 
5.2.3 Interplay between ligand presentation, type of ligand and mechanical properties 
 
Many studies have highlighted the complexity of stem cell behaviour and the fact that there is 
not one specific cue capable of driving stem cells towards a specific fate but rather a combination of 
physical, chemical and biological cues that synergistically participate in determining a 
differentiation outcome.8-10 The versatility of the hydrogels developed in this thesis and the ease of 
introduction of functional groups would allow one to study the interplay between various ligands or 
combination of ligands and mechanical properties. Moreover, if “mobile” ligands are used as 
described in section 5.2.2, ligand presentation could be added to this combinatorial study. Crucial 
information for the understanding of stem cell behaviour could emerge from such investigations. 
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5.3 Final conclusion 
 
Developing hydrogels that can be used to probe the mechanisms of stem cell interactions with 
their environment and tease out the cues that determine stem cell differentiation fate is a major 
challenge in the field of biomaterials and tissue engineering. The hydrogels developed in this thesis 
present unique features that make them an attractive system to add to the panoply of hydrogels 
available to the biomaterials community. These promising properties could help in the quest to 
understand stem cell behaviours and eventually lead to the development of regenerative therapeutic 
solutions.  
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Appendix 1 - Additional characterisation of the PPR systems presented in 
Chapter 2 
 
Validation of the α-CD/Pluronic assembly 
 
XRD: to verify the formation of PPRs during the assembly process powder XRD was run onto a 
Miniflex II diffractometer (Rigaku, Japan) using cobalt Kα1 radiation (0.178897 nm). Powder 
samples were mounted on a sample holder and scanned from 5° to 40° with 0.02° steps (Figure 
S.1). The pure Pluronic samples (B) and C)) show peaks 22.02° (for F68) and 21.98° (for F127) and 
at 26.84° for both F68 and F127. F6810-α10 and F12710-α10 were assembled at 37 °C then freeze-
dried. Peaks at 22.84°and 26.68° are observed for F6810-α10 and F12710-α10  displays peak at 22.56° 
and 26.52°. The peak at 22.84° for F68 and 22.56° for F127 corresponds to the peak characteristic 
of PPRs reported in literature reported to be around 19.4 ° 3 when using the copper Kα1 a 
wavelength (0.154 nm) (corresponding to 2θ = 22.6 ° with a wavelength of 0.179 nm).  
 
 
Figure S. 1. XRD pattern for A) α-CD B) F68 C) F127 D) F6810-10 assembled at 37 °C then freeze-
dried E) F12710-10 assembled at 37 °C then freeze-dried. 
 
NMR: 1H NMR spectra were collected at room temperature on a Bruker Avance 750 NMR 
spectrometer operating at 749.02 Hz using DMSO-d6 as the solvent. α-CD/ F127 PPR hydrogel was 
assembled then freeze-dried. The resulting powder was washed in water and centrifuged 3 times to 
remove any uncomplexed material. The present of both α-CD and Pluronic on the spectra and the 
broadening of the O-H peaks from cyclodextrin show that the assembly was successful. 
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Figure S. 2. 1H NMR of α-CD (bottom) and α-CD/Pluronic F127 PPR (top).  
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Temperature sweeps for F68/α-CD PPRs 
 
Figure S. 3.  Elastic (continuous line) and viscous (dotted line) moduli evolution during the non-
isothermal gelation of F68 solutions with various α-CD coverages: A) F6810 ; B) F6810-α5 ; C) 
F6810-α7 ; D) F6810-α10 ; E) F6820 ; F) F12720-α1 ; G) F12720-α5;  H) F12720-α7. 
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Appendix 2 - Diffusion NMR for F68-Tyr, F127-Tyr and PEG-Tyr 
 
Pulsed gradient 1H NMR was employed at a gradient of 95 % and the intensity of the resonances 
compared to the quantitative scans. 
 
Figure S. 4. A) 1H NMR quantitative spectrum of F68-Tyr B) 1H NMR spectrum of F68-Tyr under 
diffusion conditions (gradient strength 95 %). The intensity of the peak at δ = 1.04 ppm (methyl 
proton of Pluronic) was normalised between the two spectra. The peaks at δ = 6.97 and 6.70 ppm 
(aromatic protons of tyramine) are still present in the 95 % gradient strength diffusion spectrum and 
with similar intensity to the spectrum run under quantitative conditions. 
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Figure S. 5. A) 1H NMR quantitative spectrum of F127-Tyr B) 1H NMR spectrum of F68-Tyr 
under diffusion conditions (gradient strength 95 %). The intensity of the peak at δ = 1.04 ppm 
(methyl proton of Pluronic) was normalised between the two spectra. The peaks at δ = 6.97 and 
6.70 ppm (aromatic protons of tyramine) are still present in the 95 % gradient strength diffusion 
spectrum and with similar intensity to the spectrum run under quantitative conditions. 
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Figure S. 6. A) 1H NMR quantitative spectrum of PEG-Tyr B) 1H NMR spectrum of PEG-Tyr 
under diffusion conditions (gradient strength 95 %). The intensity of the peak at δ = 3.50 ppm (ethyl 
proton of PEG) was normalised between the two spectra. The peaks at δ = 6.97 and 6.70 ppm 
(aromatic protons of tyramine) are still present in the 95 % gradient strength diffusion spectrum and 
with similar intensity to the spectrum run under quantitative conditions. 
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Appendix 3 - NMR spectra of the degradation products of the F68-Tyr 
hydrogels 
 
The 1H NMR spectra of the degradation products of F68-Tyr-M and F68-Tyr-H are shown in 
Figures S.7 and S.8 
 
 
 
Figure S. 7. 1H NMR Spectra of A) unmodified 8-arm PEG, B) unmodified F68, C) Degradation 
product of F68-Tyr-M. 
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Figure S. 8. 1H NMR Spectra of A) unmodified 8-arm PEG, B) unmodified F68, C) Degradation 
product of F68-Tyr-H. 
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Appendix 4 - Diffusion NMR for F68-HPA and PEG-HPA 
 
Pulsed gradient 1H NMR was employed at a gradient of 95 % and the intensity of the resonances 
compared to the quantitative scans. 
 
Figure S. 9. A) 1H NMR quantitative spectrum of F68-HPA B) 1H NMR spectrum of F68-HPA 
under diffusion conditions (gradient strength 95 %). The intensity of the peak at δ = 1.04 ppm 
(methyl proton of Pluronic) was normalised between the two spectra. The peaks at δ = 6.97 and 
6.70 ppm (aromatic protons of HPA) are still present in the 95 % gradient strength diffusion 
spectrum and with similar intensity to the spectrum run under quantitative conditions. 
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Figure S. 10. A) 1H NMR quantitative spectrum of PEG-HPA B) 1H NMR spectrum of PEG-HPA 
under diffusion conditions (gradient strength 95 %). The intensity of the peak at δ = 3.50 ppm (ethyl 
proton of PEG) was normalised between the two spectra. The peaks at δ = 6.97 and 6.70 ppm 
(aromatic protons of HPA) are still present in the 95 % gradient strength diffusion spectrum and 
with similar intensity to the spectrum run under quantitative conditions. 
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Appendix 5 - 2D cell attachment of hMSCs onto the HPA functionalised 
hydrogels in the absence of FBS 
 
2D hydrogel surfaces were formed and hMSC were seeded onto the hydrogels as described in 
section 4.3.10 in Chapter 4. Figure S.11 shows the cell attachment after 24 hours in the absence of 
FBS. 
 
Figure S. 11. hMSCs attachment onto non-functionalised and RGD functionalised hydrogels after 
24 hours without FBS. Scale bar: 200 µm 
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Appendix 6 -  Degradation profile of F127-HPA hydrogels 
 
F127-HPA based PR hydrogels were formed using the same method as in section 4.3.6. in Chapter 
4. The F127-HPA used had a degree of functionalisation of 50 %, determined by 1H NMR. The 
PEG-HPA used had a degree of functionalisation of 51 %, also determined by 1H NMR. Figure 
S.12 shows the wet mass profile of the resulting hydrogels. 
 
Figure S. 12. Wet mass profile of F127-HPA based hydrogels. Samples were measured up to day 
90, however, the hydrogels were still present after this time point. Mean of triplicates + standard 
error of the mean 
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Appendix 7 - 3D 3T3 fibroblast encapsulation and cytotoxicity of the hydrogels 
 
 NIH-3T3 mouse embryonic fibroblasts were cultured in high glucose DMEM supplemented 
with 100 U/ml penicillin, 100 µg/ml streptomycin and 10 % batch-tested FBS. NIH-3T3 mouse 
embryonic fibroblasts were encapsulated in the hydrogels at a density of 2 million cells/ml using the 
method described in Chapter 3. The disc shaped hydrogels were then transferred into a 24 well plate 
and 1 ml of high glucose DMEM. It was found that FBS did not cause degradation of the HPA-
based hydrogels (unlike the tyramine functionalised hydrogels) and was added to a concentration of 
10 %. After 24 hours, 3 days and 7 days, a live/dead cell viability kit was used to stain the cells so 
that they could be observed as either  live (green) or dead (red) within the hydrogels. Z-stacked 
images (100 µm, 10 µm slices) were obtained using a Zeiss LSM710 confocal laser scanning 
microscope.  
 
Figure S. 13. Live/dead staining of 3T3 cells encapsulated in F68-HPA-based hydrogels with 
various compositions after 1 day, 3 days and 7 days. Live cells are shown in green, dead cells are 
shown in red/yellow. 
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Figure S. 14. Quantification of viable cells in the gels after 1, 3 and 7 days based on the live/dead 
staining of the cells. Mean of two replicates, the error bar shows the range. 
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